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Abstract

The propagation of multiple fractures plays a significant role in the effectiveness of hydraulic stimulation in shale oil reser-
voirs. Previous studies reported that the laminations and bedding interface in shale oil rocks could influence the propagation
of single hydraulic fracture. However, the propagation mechanism of multiple fractures in such rocks is still unclear. Here
we use a true-triaxial experimental system, together with the acoustic emission (AE) monitoring system, to investigate the
propagation of multiple fractures in shale oil reservoir rocks. The results show that the fracture interference started at the
initiation stage seriously affects the propagation of multiple fractures. More clusters per stage could aggravate the fracture
interference near the wellhead. The laminations and bedding interfaces are the main causes of fracture interference and could
hinder the height of hydraulic fractures. Shear-type AE event signals the generation of fracture interference caused by the slip
of bedding interface and the deflection of fractures induced by the laminations. The mechanism of fracture interference not
only lies in stress shadow but also in the changes in fluid pressure caused by the high permeability of laminations and bedding
interface. The experimental results provide basic and detailed data for studying hydraulic fracturing in shale oil reservoirs.

Highlights
e True-triaxial experiment is conducted to investigate the propagation of multiple hydraulic fractures.

e Both the lamination and bedding interface influence multiple hydraulic fracture propagation.
e The AE monitoring indicates many shear-type fractures when fracture interference appears.

Keywords Multi-cluster fracturing - Multi-fracture propagation - Shear-type AE - Stress shadow - Layered shale
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1 Introduction

The shale oil reservoir of the Lucaogou formation in Xin-
jiang Province of China has few natural fractures but many
laminations and bedding interfaces (Huo et al. 2019; Luo
et al. 2018). The few natural fractures make it difficult to
form complex fracture networks by hydraulic fracturing (Li
et al. 2020). Therefore, multi-stage and multi-cluster tech-
niques have to be employed to stimulate the reservoir (Luo
et al. 2018). However, the growth of multiple fractures can
be easily restrained when the stage-cluster spacing is too
short (Manchanda et al. 2020). The immature development
of multiple fractures is a problem caused by the interfer-
ence of stress fields among multiple fractures. Previous
numerical simulations by Wu and Olson (2015) indicated
that the “stress shadow” produced by old fractures could
significantly affect the propagation of new fractures, i.e.,
the so-called fracture interference. Although increasing the
cluster spacing can be a direct solution to reduce fracture
interference, excessive cluster spacing may lower the effi-
cacy of hydraulic fracturing.

The optimization of cluster spacing could rely on the
study of the propagation of multiple fractures. Numerical
simulations have been applied to study the associated influ-
encing factors, such as perforation friction, rock mechanical
properties, and fracturing fluid viscosity (Liu et al. 2020a;
Xiong et al. 2020). However, only a few numerical studies
focus on the effect of the unique structures in shale oil rocks,
such as the lamination and bedding interface. This is mainly
limited by the difficulties in fabricating physical models con-
taining laminations and bedding interfaces. The lamination
is a structure-like lasagna consisting of thin layers of rock
with different properties, and thus the rock containing this
is heterogeneous and anisotropic. Yang et al. (2020) stud-
ied the influence of heterogeneity on multi-stage fracture
propagation. However, the heterogeneity distribution char-
acteristics in their models cannot reflect the anisotropy of
laminations, which makes the results limited. The bedding
interface is the interval of different layers of lamination and
is usually closed under in-situ stress conditions. The numeri-
cal methods appropriate for such analysis should be able
to handle the discrete parts in the intact rock for modeling
bedding interfaces. Zou et al. (2017) established a layered
model using the discrete element method and discussed the
influence of the number and physical properties of bedding
interface on hydraulic fracture propagation. However, the
hydraulic fractures in their numerical simulations are merely
planar, which cannot fully reflect the fracture interference
caused by non-planar fractures. The field fracturing and
experiments of the Lucaogou formation show that there
are many non-planar fractures after hydraulic stimulation
(Huo et al. 2019; Zhang et al. 2021a). To the best of our
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knowledge, it is difficult to investigate the problem of multi-
cluster fracture propagation under the influence of lamina-
tions and bedding interface by theoretical and numerical
methods. Therefore, it is necessary to conduct laboratory
experiments to thoroughly examine such fracture propaga-
tion mechanism in the Lucaogou formation.

The experiments on the propagation of multiple fractures
are relatively rare. Previous experiments focus on the propa-
gation of single fractures due to the limitation of experi-
mental systems (Hou et al. 2014; Liu et al. 2018; Yuan et al.
2016). The condition of a single fracture is easy to set in
experiments but gives only slight reference to multi-cluster
fracturing in the field. Li et al. (2020) tried to use a multi-
stage fracturing system to study the stimulation effect of
different fluid types on shale oil rock in the condition of
three stages (one cluster per stage). Zhang et al. (2021b)
used more clusters in each stage and studied the different
fracturing modes for stimulating multiple fractures in shales.
In their experiment, CT scan imaging and tracer are used to
describe the final shape of hydraulic fractures, in which the
dynamic process of fracture propagation and the study of the
properties of hydraulic fractures are missing (Hampton et al.
2014; Zou et al. 2016). In addition, their experiments are
limited to revealing the mechanism of fracture interference.
To obtain the propagation process and the mechanical prop-
erties of hydraulic fractures, acoustic emission (AE) moni-
toring is usually used together with true triaxial hydraulic
fracturing experiments (PetruZilek et al. 2020; Zhai et al.
2020). The localization and mechanical mechanism inver-
sion of fractures based on AE events have been successfully
applied to investigate the propagation mechanism of a single
hydraulic fracture under the influence of bedding interface
and natural fractures (Li et al. 2018a; Wu et al. 2019). To
improve the understanding of the propagation of multiple
fractures, AE monitoring could be further combined with
the multi-stage fracturing system.

In this paper, we use a novel experimental process pro-
posed by Zhang et al. (2021b) to investigate the propaga-
tion of multiple fractures in the Lucagou shale reservoir and
employ the AE technique to monitor the dynamic process of
hydraulic fracturing. The location and properties of fractures
inverted based on AE events are used to identify the charac-
teristics of initiation and propagation of multi-clusters frac-
tures and interpret the fracture interference in the Lucaogou
formation (Ishida et al. 2017; Wu et al. 2019). The effect of
the number of clusters per stage, bedding interface condi-
tion, injection rate, and fracturing mode are investigated in
detail together with the injection pressure and the results of
AE events. The paper is organized as follows. The samples,
equipment, and procedures of the experiment are briefly
introduced in Sect. 2. In Sect. 3, we overview the method
used to analyze AE events and present the results from the
analysis. Section 4 includes discussions of the characteristic
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Fig. 1 a Cubic sample with a size of 300 mm X 300 mm X 300 mm, and b structure of the sample. ¢ Core of Lucaogou rock and d scanning elec-

tron microscope (SEM) image

of multi-cluster fracturing of the Lucaogou shale. The con-
clusions are drawn at the end.

2 Experimental Setups
2.1 Sample Preparation

The shale in the Lucaogou formation has well-developed
beddings, and thus forms a series of structures including
laminations and bedding interfaces (Li et al. 2020). The mor-
phology of the Lucaogou shale is shown in Fig. 1a, which
indicates obvious laminations in the core sample (Fig. 1c)
and a straightforward directional structure arrangement in
the scanning electron microscope (SEM) image (Fig. 1d).
In this study, we collect two types of shale outcrops from
the Lucaogou formation, and their main compositions are
similar to those in the underground. As shown in Fig. 1b, the
class A rock, with an average tensile strength of 9.7 MPa,
is selected as the fracturing layers in the middle; while the
class B rock, with an average tensile strength of 7.9 MPa, is
chosen as the interlayers and placed outside the class A rock.
The formed sandwich-shape cubic sample for the fractur-
ing experiment is shown in Fig. 1a, b. We glue the class A
and class B rocks together with epoxy resin to simulate the
adhesion bedding interfaces with low permeability and high
cohesive stress. For comparison, we also simply stack up
the three rock blocks together in the same order but without
gluing them to realize the non-adhesion bedding interfaces.
Comparing the two types of bedding interfaces could help
reveal the influence of bedding interface on multi-cluster
fracturing.

For hydraulic fracturing, we use a uniform cluster spac-
ing in the experiment, which is a standard setup in the field.
Although the previous studies demonstrated that nonuni-
form cluster spacing could promote fracture growth (Wu
et al. 2016), it is challenging to set nonuniform clusters in

the samples in laboratory experiments, and how the cluster
spacing could promote fracture growth is out of the scope of
current research. Therefore, to simplify the sample prepara-
tion, we set three fracturing zones as the three stages in each
sample (Fig. 2a), and cut a series of notches with a depth of
2 mm around the circumference of the wellbore as clusters.

Flow resistance is a crucial factor in controlling the
propagation of multiple fractures. The perforation friction
in the field can adjust flow resistance. In our experiment, the
cluster is created by notches rather than perforations. There-
fore, the control of perforation friction could be regarded as
controlling the cluster friction in each stage. The perforation
friction is a function of perforation number, that is

0.2369p,
f= "5 a2’ 1

P ngdgl(g @)
where py is the density of the fluid, n, is the number of per-
forations, dp is the diameter of the perforation, and K} is the
discharge coefficient ranging from 0.56 to 0.89 (Bunger et al.
2014; Crump and Conway 1988; Lecampion and Desroches
2014; Wu et al. 2016). The cluster friction in each stage
could be a function of the notch number. To study the mul-
tiple fracture propagation, we choose three different cluster
numbers (i.e., 1, 3, and 5) with the same spacing in each
stage and try to create an effective propagation of multiple
fractures during the simultaneous fracturing. The stage spac-
ing and cluster spacing are marked in Fig. 2b.

2.2 Apparatus and Experimental Procedures

We use a true triaxial fracturing simulation system devel-
oped by the China University of Petroleum (Beijing) to
conduct the current experiments. The equipment can apply
boundary forces from three orthogonal directions to simu-
late the underground in-situ stress conditions. The boundary
loading acting in the vertical direction (i.e., perpendicular
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Fig.2 a Schematic diagrams of stage and cluster parameters. b
Length of stage spacing and cluster spacing. ¢ Schematic of simul-
taneous fracturing and sequential fracturing set in our experiment. d
Tri-axial hydraulic fracturing experimental system with AE moni-

to the bedding interface) on the sample is denoted as o, and
the other two horizontal boundary loadings are respectively
denoted as oy and o, (Fig. 2d). We use the same stress state
(i.e., oy, = 10MPa, o; = 22MPa, 6, = 30MPa) for all sam-
ples according to the in-situ stress state of the Lucaogou for-
mation (Zhang et al. 2021a). To inject fluid in each stage, an

@ Springer

Stage 2 clusters

Stage 3 clusters Injection conduit

toring. e Distribution of AE sensors. f Structure of the injection pipe
inserted into the PVC casing. g Assembly diagram of the PVC casing
and the injection pipe ( modified from Zhang et al. 2021a)

injection pipe with three injection conduits is assembled into
a PVC casing, analogous to wellbore in the field (Fig. 2f,
2). The samples are carefully prepared to guarantee that the
PVC casing is well coupled with the rock matrix, and no
water can spill along the bonding surface.
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The DS5 multi-channel continuous waveform AE sys-
tem is used for AE waveform acquisition. A total of six-
teen RS-2A AE sensors with stable frequency response at
50-400 kHz are arranged on the five surfaces (i.e., top, left,
right, front, and back) of the rock sample (Fig. 2¢e). Accord-
ing to the hypothesis of the far-field source, the inversion of
the AE source at an appropriate position needs to be more
than two wavelengths away from the sensors. All the sen-
sor positions in the samples are in this acceptable area. The
amplitude threshold of each sensor is set to 100 mV, and the
preamplifier is 40 dB. The continuous waveform acquisi-
tion mode is adopted, and the sampling rate is set to 3 MHz
per sensor. The pencil lead-breaking calibration in terms
of amplitude has been conducted, which provides data for
verifying AE event location and moment tensor inversion.
We calibrate the sensor and algorithm following the method
of Ono (2016) and Grosse and Ohtsu (2008). The calculation
of AE event location is based on the classical Geige method.
Since shale is composited of layered depositions, we use
the transversely isotropic model to describe the P-wave ani-
sotropy to achieve more accurate results. The arrival times
and the amplitudes are determined from the AE waveforms
by the STA/LTA-AIC picker method (Sedlak et al. 2013;
Zhang et al. 2017).

The fracture properties are distinguished by the polar-
ity of the first arrival of P-wave, which has been used in
many previous works (Lei et al. 2000, 1992; Li et al. 2018b;
Ma et al. 2017; Meglis et al. 1995; Satoh et al. 1990). Two
polarity types of P-wave first motions may be detected. The
downward polarity (after calibration) of the first motions of
P-wave represents the negative type of waveform, while the
upward polarity indicates a positive type. The negative and
positive types of waveforms are determined by the defor-
mation of the medium around the fractures caused by their
movement. When a fracture opens or slips, the involved
medium area is compressed, and the others are dilatated
relative to the hypocenter position. The dilatation part will
show a negative type of waveform, while the compression
part presents a positive type. The proportion of the number
of positive type waveforms is used as a criterion to deter-
mine the type of the corresponding AE event. Specifically, if
the proportion of the number of positive type waveforms is
larger than 0.7, a large area around the fracture is subjected
to compression, and thus the fracture can be deemed as ten-
sile type; if the proportion is somewhere between 0.3 and
0.7, the fracture is of shear-type; if the proportion is smaller
than 0.3, the fracture is likely of compressive-type. Particu-
larly, the compressive AE events are “collapse” mechanism
sources containing a predominant collapse component,
and they require shearing between grains to be physically
achievable for new fractures. Such processes may relate to
the collapse of existing fractures, pore spaces, and crushing
of grains at high confining pressures. Graham et al. (2010)

discussed that this type of failure may be a part of those
events with an implosive volume deformation and could
be further studied by the moment tensor technique in more
detail. Based on the statistics of P-wave polarity, each AE
event can be categorized into tensile, shear, or compressive

types.

2.3 Injection Design

To shed light on the field scale engineering application,
the injection parameters in laboratory experiments must be
designed based on the scaling laws connecting experiments
with the field results. According to the scaling law, the stage
spacing and cluster spacing in laboratory experiments can be
scaled to these in the field by (Zhang et al. 2021b):

S_M = L_M (2)
SF LF ’

where the subscript M and F represent the parameters in
the experiment and the field, respectively; Sy and Ly are
respectively the cluster (or stage) spacing and the half-length
of a fracture in the experiment, and Sg and Ly are those in
the field. Here, Ly; is~0.15 m, and Lg is ~200 m. There-
fore, the stage spacing D=6 cm corresponds to Sp=_80 m,
D=4 cm corresponds to Sy=66 m, D=2 cm corresponds
to Sp=33 m, and the cluster spacing d=1 cm corresponds
to Sp=13 m (Fig. 2b).

We select the injection rate based on previous experi-
ments where the injection rate for shale is chosen from
5 to 100 ml/min (Li et al. 2020; Liu et al. 2020b; Zhang
et al. 2021a, b). Results show that a higher injection rate
could reduce the influence of fluid leak-off and increase the
pressure build-up rate, which facilitates the penetration of
hydraulic fractures through the bedding structures. Recent
research even uses an injection rate of 500 ml/min to inves-
tigate the effect of bedding interfaces on hydraulic fractur-
ing and suggests that a higher injection rate may promote
the propagation of fractures in shale oil reservoirs (Huang
and Liu 2017). By considering the penetration of bedding
structures, we choose a 300 ml/min injection rate in our cur-
rent experiments, and also set a 100 ml/min injection rate
for comparison.

Two modes of fracturing procedure have been conducted
in our experiment, i.e., simultaneous fracturing and sequen-
tial fracturing (Fig. 2¢). In simultaneous fracturing, the fluid
is injected at the three stages simultaneously (top panel of
Fig. 2c). After the simultaneous fracturing, we also inject the
fluid at each stage individually to check the fracturing effect
(i.e., checking injection). The injection rate of the checking
injection is the same as the previous injection in each sample.
Therefore, we should observe four sections on the injection
pressure curve for the simultaneous fracturing experiment (as
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will be shown in Fig. 3a—d). If a high injection pressure and
a new fracture initiation are observed in the checking injec-
tion, it is highly likely that the specific stage is not stimulated
during the simultaneous fracturing. If the checking injection
witnesses a flat injection pressure, it means the specific stage
is either stimulated or linked up with other stages during the
simultaneous fracturing. The simultaneous fracturing mode
could be used to investigate the simultaneous propagation of
multiple fractures in the shale oil rocks.

In sequential fracturing, we inject the fluid stage by stage
(bottom panel of Fig. 2c, from Stage 1 to Stage 3), and thus
three sections could be observed on the injection curves (as
will be shown in Fig. 3e—f). It is worth noting that in the
field hydraulic fractures could hold the net pressure dur-
ing the sequential fracturing; however, because of the fast
backflow of fluid into the pipelines and fluid filtration in
the boundary in laboratory experiments, the net pressure
dropped quickly when ceasing the injection. The fractures
without continuous net pressure are easily closed and cause
little stress shadow on the subsequent fractures, which is not
consistent with the situation in the field but could be used
to investigate the propagation of fractures without the effect
of stress shadow. The results could clarify the influence of
lamination and bedding interface on the hydraulic fractures
during the propagation of multiple fractures without distur-
bance from stress shadow.

Based on the above experimental setup and parameter
selection analysis, we have chosen six samples that vary in

300 ml/min

g Y
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cluster number, injection rate, bedding interface, and frac-
turing mode under the in-situ stress of Lucaogou forma-
tion for current laboratory experiments. The corresponding
parameters for the six samples are demonstrated in Fig. 4.
Specifically, the Sample 1 and Sample 2 (with 1 and 3 clus-
ters per stage, respectively; without bedding interface adhe-
sion; 300 ml/min injection rate; simultaneous fracturing) are
selected to compare the stimulation effect of different number
of clusters; the Sample 1 and Sample 3 (with 1 cluster per
stage; without bedding interface adhesion; 300 and 100 ml/
min injection rate, respectively; simultaneous fracturing)
are employed to investigate the effect of injection rate; the
Sample 3 and Sample 4 (with 1 cluster per stage; without
and with bedding interface adhesion, respectively; 100 ml/
min injection rate; simultaneous fracturing) are conducted to
investigate the influence of bedding interface; the Sample 5
(with 1 cluster per stage; with bedding interface adhesion;
300 ml/min injection rate; sequential fracturing) is prepared
to clarify the impact of lamination and bedding interface
on the multiple fractures propagation without disturbance
from stress shadow; the Sample 6 (with 5 cluster per stage,
with bedding interface adhesion; 300 ml/min injection rate;
sequential fracturing) is selected as a supplement to ensure a
successful propagation of multiple fractures under the labo-
ratory condition. The influence of cluster number per stage,
injection rate, bedding interface, and fracturing mode are
analyzed and presented in the next section.
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Fig.3 Schematic diagrams of the six samples used in the current laboratory experiments
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3 Results by AE events are applied to reveal the mechanism of frac-
ture interference among multiple fractures, and the injection

In this section, to investigate the impact of different factors ~ pressure of each sample is utilized to deduct whether the

on multiple fractures fracturing, we use the AE locations to ~ lamination and bedding interface could induce the filtration

show the propagation of multiple fractures in each sample. ~ of fracturing fluid.

Then, the shear—tensile properties of fractures distinguished
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Fig.5 AE event location result of Sample 1. There are nine AE events: eight shear-type (blue), and one tensile-type (red)
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3.1 Influence of Cluster Number and Injection Rate

Sample 1 and Sample 2 are used to investigate the influ-
ence of the number of clusters per stage on the propaga-
tion of multiple fractures, and both of them are fabricated
without bedding interface adhesion. Sample 1 is cut with
one cluster per stage, and the simultaneous fracturing mode
with a high injection rate of 300 ml/min is performed on it
(Fig. 4a). The AE location interpretation shows a few AE
events in the area of Stage 3 (Fig. 5). One tensile-type AE
event appears near the wellbore, and several shear-type AE
events distribute at a distance away from the wellbore. The
AE results show a small number of fractures initiated near
the area of Stage 3. The hydraulic fractures barely expand,
and the filtration of fracturing fluid along the bedding inter-
face has been observed. The injection pressure during the
simultaneous fracturing peaks at 11.0 MPa (the first peak in
Fig. 3a) and drops quickly to~4.0 MPa. The checking injec-
tion pressure shows a stable value of 12.0 MPa in the first
checking injection (in Stage 1), 13.0 MPa in the second (in
Stage 2), and 5.1 MPa in the third (in Stage 3) (the last three
peaks in Fig. 3a), indicating that no new hydraulic fractures
have been induced. The third checking injection pressure in
Stage 3 is lower than that in Stage 1 and 2, but higher than
the stable pressure after dropping from the peak pressure in
the simultaneous fracturing. Combined with the AE results,
we infer that the fractures in the area of Stage 3 propagate
a little bit (indicated by the tensile-type AE events) but are

300 o
250 4
° e —
. 2004 )
£ %%
w 150 e e ® o
£ .
[ ]
5 100 4 e 4
50+ &
0
150
100 o -
% axi 50 400
'S (mpm) 150

filtered out of the boundary from the bedding interface
(indicated by the shear-type AE events near the bedding
interface). There is no clear fracture propagation in Stage 1
and 2 (i.e., no AE events), and the fluid may slip out of the
boundary along the lamination. Because the permeability
of the lamination is lower than that of the bedding interface,
the flow resistance in Stage 1 and 2 are higher than that
in Stage 3. Therefore, the checking injection pressures in
Stage 1 and 2 are higher than the pressure in Stage 3.
Sample 2 has three clusters per stage, and it is also con-
ducted under the simultaneous fracturing mode with the
same injection rate of 300 ml/min as Sample 1 (Fig. 4b).
The AE event locations in Sample 2 show that the fractures
appear at all three stages (Fig. 6). Most of the tensile frac-
tures are concentrated in areas between Stage 1 and 2, while
the AE events in Stage 3 are mainly of shear-type. More AE
events in Sample 2 than that in Sample 1 indicate that more
clusters could promote the initiation of hydraulic fractures to
a certain extent. However, the propagation of multiple frac-
tures is still insufficient because the AE events are almost
near the wellbore. The injection pressure during the simul-
taneous fracturing reaches a peak value of ~ 8.8 MPa, while
the pressures in the process of checking injection hold up
to 6.4 MPa for Stage 1, 3.9 MPa for Stage 2, and 2.6 MPa
for Stage 3 (Fig. 3b). We infer that the fractures in Stage
1 terminate near the wellbore due to fluid filtration in the
lamination, and the fractures in Stage 2 connect the fractures
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Fig.6 AE event location result of Sample 2. There are 48 AE events: 22 shear-type (blue), 14 tensile-type (red), and 12 compressive-type
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in both Stage 1 and 2 in areas near the wellbore, while the
fractures in Stage 3 link the bedding interface.

The injection rate of fluid influences simultaneous frac-
turing because it controls the pressure distribution of the
fracturing fluid in the wellbore. We reduce the injection
rate in the experiment of Sample 3 (with one cluster per
stage, but without bedding interface adhesion) to 100 ml/
min and perform the simultaneous fracturing mode (Fig. 4c).
From the results of AE events shown in Fig. 7, it is found
that there are more AE events in the areas of Stage 1 and
Stage 2, and they are mainly of shear-type. This indicates
that the fluid promotes the shear-type fractures inside the
rock, which may be caused by the activation of lamination
that leads to slipping inside the rock. The AE events are
mainly distributed in the upper layer of the rock, and nearly
no AE events occurred in the lower layer. A few tensile-type
AE events appear in the upper layer, meaning some tensile
fractures propagates in the upper part. This is possible due
to the penetration of hydraulic fractures through the bed-
ding interface locally under the given o, pressure. The little
propagation of fractures in the lower layer may be caused by
the filtration of fluid in the non-adhesive bedding interface.
The injection pressure during the simultaneous fracturing
reaches a maximum value of 5.7 MPa, lower than the values
in Sample 1 and Sample 2 (Fig. 3c). The pressures in each
stage in the checking injection process are nearly the same
at around 5 MPa.

The above results demonstrate that in the simultaneous
fracturing mode, more AE events are obtained when a lower
injection rate is used, and the primary type of AE events is
shear. We suspect that reducing the flow rate makes the fluid
pressure more evenly distributed in the wellbore, which is
beneficial to fracture initiation in the Lucaogou formation.
However, because there are laminations and bedding inter-
faces in this rock formation, it is easy for fracturing fluid to
be filtered in the laminations and bedding interfaces when
using low injection rates. According to the results of Sam-
ples 1, 2, and 3, although increasing the number of clusters
per stage and reducing the injection rates could facilitate
the initiation of fractures, it is challenging to promote the
propagation of fractures in simultaneous fracturing mode in
the Lucaogou formation.

3.2 Impact of Bedding Interface

Sample 4 has adhesive beddings and is subjected to simul-
taneous fracturing, and its comparison with Sample 3 (with-
out bedding interface) could reveal the influence of bedding
interface. In Sample 4, the propagation of multiple fractures
mainly occurs in the areas of Stage 1 and 2, but the fractures
in the Stage 3 area are constrained in the direction of o,
(Fig. 8). Compared with the non-adhesion Sample 3 under
the same injection condition (same injection rate and fractur-
ing mode), the propagation of multiple fractures in Sample 4
is abundant, as indicated by a large number of generated AE
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events (Fig. 9a). The injection pressure during the simultane-
ous fracturing reaches 8.6 MPa, while the checking injection
pressures in Stage 1 and Stage 2 are both 3.0 MPa and that
in Stage 3 is stabilized at 5.7 MPa (Fig. 3d). The injection
pressures are consistent with the distribution of AE events
such that the AE events in the areas of Stages 1 and 2 are
almost linked together, while the AE events barely occur in
the area of Stage 3. We suspect that the fluid in Stage 1 and
2 is linked through the lamination and bedding interface,
while the fluid in Stage 3 is isolated.

The propagation of multiple fractures in the area of
Stage 2 is vertically symmetrical, and many of them are of
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tensile-type. During the propagation, uneven fracture growth
is typical due to fracture interference, and the distribution of
AE events confirms this. We use the following equation to
calculate the asymmetry distribution of AE events:

Iny —n,|
N

A= , 3
where n; and n, are the numbers of AE events on the two
sides of the symmetry plane, and N is the total number of
AE events. If the fractures are symmetrical, the ratio would
be 0; if all the AE events occur on one side, the ratio is 1.
Since Sample 1 has only 8 AE events, it is not meaningful to
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calculate the asymmetry ratio. We calculate the asymmetry
distribution of AE events for Samples 2 to 4. In the direc-
tion of fracture height (i.e., the direction of oy,) (Fig. 10),
Sample 4 has a lower asymmetry ratio than Sample 2 and
Sample 3 in all stages. This may be because the adhesive
bedding interface has a balancing effect on the distribution
of fracturing fluid. While in the samples without adhesive
bedding interfaces (Samples 2 and 3), the fluid may filter
out of the bedding interface on one side, resulting in the
unbalance of fluid distribution. The asymmetry of fractures
in the direction of fracture length (i.e., the direction of o)
demonstrates that the fractures in the area of Stage 2 show
higher asymmetry for all samples. This is consistent with the
previous research that the interior fractures generally show
uneven growth due to the additional compressional stress
from both sides of the exterior fractures (Wu and Olson
2016; Zhang et al. 2021b).

Theoretically, the fractures should distribute symmetri-
cally in the direction of fracture length if the rock is homoge-
neous or lateral heterogeneous.. However, shales are barely
homogeneous even on the lateral plane. Many numerical
studies indicated that the heterogeneity of rock could induce
asymmetrical fractures. Wu et al. (2022) found that the het-
erogeneity of Young's modulus would lead to asymmetric
propagation of a single fracture. For multiple fractures, the
results from 3D simulation also indicated asymmetric frac-
tures under the influence of heterogeneous Young's modulus
(Ren et al. 2019). Yang et al. (2020) made further investi-
gation and showed that besides Young's modulus, the het-
erogeneity in tensile strength and permeability could also
induce the asymmetry of fractures. Therefore, it is unavoid-
able that in our experiments the asymmetric fractures could
be easily observed. In addition, the bedding structures could
also violate the fracture propagation by disturbing the net
pressure, which may be another reason for the generation of
asymmetric fractures.

3.3 Effect of Fracturing Mode

We perform the sequential fracturing mode with an injec-
tion rate of 300 ml/min for Sample 5 with bedding inter-
face adhesion to investigate the influence of lamination and
bedding interface on multiple fractures propagation with-
out disturbance from stress shadow. For the first injection,
although the fluid is injected in Stage 1, the fractures are
mainly concentrated around the upper half area of Stage 2
and the lower half area of Stage 3, as is manifested by the
AE location shown in Fig. 11a. This may be related to the
transformation of fluid through laminations. The injection
pressure reaches a first peak value of around 5.7 MPa and
stabilizes at 6.4 MPa (Fig. 3e). The appearance of the first
pressure peak may be due to the opening of fractures near the
wellbore. Then the hydraulic fractures are captured by the
bedding interface, and result in a stable injection pressure.
In the second injection (injected in Stage 2), there are many
shear-type AE events appeared near the area of Stage 2, and
the injection pressure is higher than that of the first injection
(Fig. 3e). The numerous shear-type AE events in the mid-
layer of the rock and the associated higher injection pres-
sure indicate that the fluid is filtered through the lamination
during the second injection. The tensile-type AE events that
occurred in the area of Stage 3 signal that the filtered fluid
from Stage 2 causes the opening of fractures in the area of
Stage 3 (Fig. 11b). However, we barely obtain AE events
in the third injection (injected in Stage 3) and the injection
pressure during this process is relatively small (Fig. 3¢). By
combining the above experimental results, we deduce that
the propagation of fractures in Stage 1 could affect that in
Stage 2. The extending range of hydraulic fractures in the
second injection is short, and there are no fractures in the
third injection. Because there is no net pressure in the pre-
vious fractures during the sequential fracturing, the impact
of the already generated fractures on the new fractures lies

@ Springer



S.Wuetal.

(a) Sequential fracturing - 1st injection
Stage 1 2 3
300
300
250
250
200 200
ET £
S £
@ 1504 © 150
5 s
> >
[§) N S
100 100
50
50
150
0k 100
-150
- ‘(\«\\ 0
o ) _ & -150  -100 -50 0 50 100 150
h 8Xis (mm 100 450" -150 o oy, axis (mm)
@ shear @ tensile ® compressive
Sequential fracturing - 2nd injection
Stage 1 2 3
300
250
200
=
E
® 150
x
©
>
N
100
“is0
158 AL 100
P00 o 0 0
i 0 -50 M\
50 . SN -150  -100 -50 0 50 100 150
o axi 100 100 D .
h AXjs (mm) 150 -150 G o), axis (mm)
@ shear @ tensile ® compressive

Fig. 11 a AE event location in Sample 5 in the first injection; a total
of 602 AE events have been acquired: 350 shear-type (blue), 123 ten-
sile-type (red), and 129 compressive-type (green). b AE event loca-

in the laminations and bedding interfaces being penetrated
by the former.

The sequential fracturing mode is also conducted for
Sample 6 with bedding interface adhesion, with 5 clusters
per stage and an injection rate of 300 ml/min. The AE event
location of the first injection (injected in Stage 1) is shown
in Fig. 12a. In the area of Stage 1, we can observe tensile
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tion in Sample 5 in the second injection; a total of 155 AE events
have been collected: 95 shear-type (blue), 20 tensile-type (red), and
40 compressive-type (green)

fractures distributed near the wellbore, with a few shear
fractures occurring at a distance away from the wellbore.
Although injected at Stage 1, many tensile fractures appear
in the area of Stage 2, and these fractures propagate through
the upper and lower bedding interfaces, indicating that the
fluid from Stage 1 completely transfers to Stage 2 near the
wellhead and causes the propagation of fractures in the area
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of Stage 2. Then in the second injection (injected in Stage 2),
there are no tensile-type AE events (Fig. 12b), which indi-
cates that Stage 2 has been fractured in the first injection.
There are few AE events in the third injection (injected
in Stage 3) (Fig. 12c). Compared with all other samples,
the pressure in this first injection in Sample 6 is the high-
est—14.4 MPa (Fig. 3f), which indicates that the multiple
fractures are stimulated sufficiently with less fluid filtration.
The injection pressures in the second and third injections
are stabilized at 7.5 MPa and 6.4 MPa respectively, which
reflects the filtration of fluid in these two injections due to
the influence of the first injection.

For the above two samples (Sample 5 and Sample 6)
subjected to the sequential fracturing mode, the AE events
mainly occur in the first injection and most of them are of
shear type, with a few appearing in the second and third
injection (Fig. 9b, c). During the second injection, there are
more shear-type AE events generated. The influence of the
first injection on the second may be transmitted not only by
“stress shadow” but also by the activation of bedding inter-
face. In the case with 5 clusters (Sample 6) where the stage
spacing is smaller than all other samples, in the first injec-
tion, more tensile fractures are induced in the area around
Stage 2, and the fractures extend to the model boundary. In
the second and third injections, there is almost no AE event.
This reveals that when the cluster spacing is small, the frac-
ture interference even occurs during the initial process of
hydraulic fracturing. Such fracture interference in the initial
hydraulic fracturing process due to the opening of bedding
interface has also been observed elsewhere in the Longmaxi
Shale (Zhang et al. 2021b), although with the fact that this
is more likely to appear in the Lucaogou formation with
lamination and bedding interface.

4 Discussions

4.1 Shear-Type AE Events and the Activation
of Lamination and Bedding Interface

In general, tensile-type fractures are dominant in hydrau-
lic fracturing under the stimulation of high-pressure fluid.
However, a large amount of shear-type AE events have been
obtained in our experiments, especially in processes under
the following conditions: (1) when the initiation of fractur-
ing is difficult (Sample 1); (2) when asymmetric fractures
appear (Sample 4); (3) when obvious fracture interferences
occurred (the second injection of Sample 5, second and
third injections of Sample 6) (Fig. 13). The laminations and
bedding interface play a key role in such results. Specifi-
cally, first, the existence of laminations and bedding inter-
face leads to the heterogeneity of local stress, making the
direction of fracture propagation deviate from the maximum

far-field principal stress direction, and this results in a more
significant shear action on the surface of hydraulic fractures;
second, the laminations and bedding interface have a par-
ticular filtration effect on the fracturing fluid, and thus when
interacting with fluid, the laminations and bedding interface
could increase local dislocation and friction and result in
shear fractures.

4.2 Fracture Interference in Reservoirs
with Lamination and Bedding Interface

For simultaneous multiple fracture propagation in a single
stage, the influence of fracture interference on the propaga-
tion of fractures is a significant problem in reservoirs. Stress
shadow is one of the causes of fracture interference, accord-
ing to the previous research for reservoirs without lamina-
tion and bedding interface (Wu and Olson 2015, 2016). The
stress shadow induced by a single hydraulic fracture can be
obtained by
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where c is the half of the fracture height, p is the net pres-
sure in the hydraulic fracture, and r, r;, r,, 6, 6;, 6, are
geometrical parameters explained in Fig. 14. The above
formulas work when the width of the elliptical fracture is
much smaller than its length, which is suitable for hydraulic
fractures. Equations (4) and (5) indicate that the amplitude
of stress shadow depends on the amplitude of net pressure
of the hydraulic fracture, which is consistent with other
research (Manchanda et al. 2017; Taghichian et al. 2014).
However, the net pressure could not be directly measured in
the experiment. The lamination and bedding interfaces may
influence the net pressure and change the stress shadow and
thus cause fracture interference.

In addition to the net pressure, the hydraulic fluid flowing
into the lamination and bedding interface may increase the
pore pressure, which then induces more fractures of shear-
type than tensile-type. In addition, the higher pore pressure
may trigger the slip of bedding interface, which also leads
to more shear-type AE events during the propagation of
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«Fig. 12 a AE event location result of Sample 6 in the first injection;
a total of 89 AE events have been acquired: 28 shear-type (blue), 30
tensile-type (red), and 31 compressive-type (green). b AE event loca-
tion result of Sample 6 in the second injection; a total of 8 AE events
have been acquired: 6 shear-type (blue), 2 compressive-type (green),
and no tensile-type (red). ¢ AE event location result of Sample 6 in
the third injection; a total of 4 shear-type (blue) AE events have been
acquired

hydraulic fracture. The appearance of sufficient shear-type
fractures signifies the fracture interference in the reservoir.
The fracture interference is even more severe in reservoirs
with lamination and bedding interfaces. Moreover, we note
that the hydraulic fluid is easy to flow out of the boundary
of the rock sample containing structures with high perme-
ability in the experiment. The loss of fluid reduces the net
pressure and thus could limit the direct applicability of labo-
ratory experiments, since in real reservoirs without appar-
ent boundaries there is generally less fluid loss. We take
the results of AE events as a supplement to investigate the
propagation of hydraulic fractures in the limited condition
mentioned above and provide more evidence to study the
mechanism of fracture interference. However, the loss of
fluid cannot be avoided in laboratory experiments.

In addition, the fracture interference is more complicated,
as evidenced by the irregular and asymmetric fracture prop-
agation. Our results show significant asymmetry ratios in
each fracture (Fig. 10) and in Stage 1 and 3. The lamination
and bedding structures contribute to the heterogeneity of
the sample, which leads to an asymmetrical stress state and
mechanical properties of the rock matrix, thus result in the
asymmetric propagation of fractures. In addition, Stages 1
and 3 are relatively close to the boundary of the sample.
The fracturing fluid is more likely to flow out of the sam-
ple during the two stages, and then disturbs the symmetry
condition. All these factors of asymmetry contribute to the
intricate fracture interference.

Many research suggests that widening the space of clus-
ter and stage can reduce the stress shadow effect and avoid
fracture interference (Wang et al. 2021). However, in the
reservoir with lamination and bedding interfaces, the stress
shadow around the hydraulic fractures is not the only reason
for fracture interference. The change of pore pressure caused
by the high permeability channel of the lamination, bedding
interface, and heterogeneity could also significantly influ-
ence the propagation of multi-cluster fractures. Therefore,

it is necessary to evaluate the size and distribution of high
permeability areas to avoid or alleviate fracture interference.
Besides, the slip of bedding interface also causes a con-
siderable disturbance of stress in the reservoir. Preventing
the slip of bedding interface can help promote the effect of
multi-cluster fracturing by avoiding the stress shadow effect.

5 Conclusions

In this paper, we use a true tri-axial hydraulic fracturing
equipment combined with AE monitoring to study the mul-
tiple fracturing process in the Lucaogou shale. We consider
the influence of cluster number, injection rates, fracturing
mode, and the adhesion condition of bedding interface on
the initiation and propagation of hydraulic fractures. Our
experimental results show that even with a large stage and
cluster space, the propagation of multiple fractures is still
limited in the Lucaogou shale. Many shear-type AE events
appear during the fracturing, which shows the influence of
laminations and bedding interface on the propagation of
hydraulic fracture. Even if the fluid pressure in the well is
partitioned equally by reducing the injection rate, the influ-
ence of the lamination on the initiation and propagation of
hydraulic fractures still exists. The adhesion situation affects
the symmetry of fractures in the direction of fracture height.
When the bedding is adhesive, the AE event distribution in
the direction of fracture height is symmetrical; when the
cementation of bedding interface is small, the AE event will
concentrate on one side of the direction of fracture height.
The asymmetric propagation of fractures makes the mecha-
nism of fracture interference more complicated.

In the experiment of sequential fracturing, the fluid in the
first stage communicates with other stages through the lami-
nation and bedding interface near the wellhead. This leads to
the shift of the position of fracture propagation in the initia-
tion stage. With the existence of laminations and bedding
interface, the influence of previous fractures on new cracks
is from the stress shadow and the transfer of fluid pressure
through the lamination and bedding interface. Therefore, for
the multi-cluster and multi-stage fracturing in the Lucaogou
formation, it is necessary to optimize the fracturing strategy
considering the high permeability and heterogeneity of lami-
nation and bedding interface.
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