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Simultaneous hydraulic fracturing of ultra-low permeability sandstone
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Abstract: Based on the impact of the stress perturbation effect created by simultaneous propagation of multiple fractures in the
process of simultaneous hydraulic fracturing, a thorough research on the mechanism and adaptation of simultaneous fracturing of
double horizontal wells in ultra-low permeability sandstone reservoirs was conducted by taking two adjacent horizontal wells (well
Yangping-1 and well Yangping-2 located in Longdong area of China Changgqing Oilfield) as field test wells. And simultaneous
fracturing optimal design of two adjacent horizontal wells was finished and employed in field test. Micro-seismic monitoring analysis
of fracture propagation during the stimulation treatment shows that hydraulic fractures present a pattern of complicated network
expansion, and the well test data after fracturing show that the daily production of well Yangping-1 and well Yangping-2 reach
105.8 t/d and 87.6 t/d, which are approximately 9.4 times and 7.8 times the daily production of a fractured vertical well in the same
area, respectively. Field test reflects that simultaneous hydraulic fracturing of two adjacent horizontal wells can enlarge the expansion
area of hydraulic fractures to obtain a lager drainage area and realize the full stimulation of ultra-low permeability sandstone
reservoirs in China Changqing oilfield. Therefore, simultaneous fracturing of two adjacent horizontal wells provides a good
opportunity in stimulation techniques for the efficient development of ultra-low permeability reservoirs in China Changqing oilfield,
and it has great popularization value and can provide a new avenue for the application of stimulation techniques in ultra-low
permeability reservoirs in China.
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1 Introduction

In recent years, under the impetus of multiple stage
fracturing technology of horizontal well [1-3], USA
achieved leapfrog development in the exploitation of
unconventional natural gas in ultra-low permeability
shale reservoirs; the annual output was 878x10° m® in
2009 while it increased to 1720x10°m® by 2011, which
was an amazing output
monitoring map of hydraulic fracture propagation in
shale reservoirs showed that hydraulic fracture
propagation in shale reservoir presented a pattern of
fracture network expansion [4—7]. Some studies have
confirmed that the effect of fracturing will be better with
the increase of stimulated reservoir volume (SRV) [8-9].
Thus, improving SRV became an important goal to
optimize in the fracturing design of shale reservoir, and

growth. Micro-seismic

fracturing of horizontal wells and many other kinds of
stimulation technologies were put forward successively
to improve the stimulation volume and the stimulation
extent of shale reservoir [10—12]. Based on the concept
of SRV in shale reservoir, a larger breakthrough in the
stimulation of other unconventional reservoirs, such as
coal-bed methane (CBM), tight gas and shale oil, has
been achieved [13—15]. China owns rich unconventional
oil and gas resource [16—18], but the exploration and
exploitation technology of unconventional reservoirs has
just started, especially reservoir stimulation technique
still in the stage of exploration and test [19-23].
Although some low permeability sandstone gas
reservoirs represented by Sulige gas reservoir in
Changgqing oilfield and Xujiahe gas reservoir in Sichuan
oilfield are effectively developed through stimulation
[24-25], it is still in the traditional concept of fracturing
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technology to carryout on the design and implementation.

In order to achieve a greater breakthrough in the
development of ultra-low permeability
reservoirs in China Changqing oilfield, based on the idea
of the stress perturbation effect created by hydraulic
fractures in the process of simultaneous fracturing for
shale gas development, Changqing oilfield carried out
the field test to explore new technology and new

sandstone

reservoir
stimulation. Taking the layer of Chang-7, as the target
two horizontal wells (Yangping-1 and
Yangping-2) were drilled in Longdong area of China

methodology of ultra-low permeability

reservoir,

Changqing oilfield. At the same time, well Yangce-1,
well Yangce-2 and well Yangce-3 were drilled between
the double horizontal wells as micro-seismic observation
wells.

2 Principle of simultaneous hydraulic
fracturing
Simultaneous hydraulic fracturing means that
multiple  hydraulic  fracturing  treatments  are

simultaneously performed on corresponding adjacent
horizontal wells to stimulate one section shared by all
fractured wells through multiple sets of fracturing
equipments [12]. The essence of this technology is that
the stress interference between fractures created by
simultaneous fracturing of two horizontal wells is
utilized to promote fractures complexity while fractures
propagate in the opposite direction, and the object is to
make hydraulic fractures expand into fracture network
and improve the level and scope of SRV, which
ultimately provides a high-speed flow channel for
reservoir fluid [22].

In the process of fracturing, if the reservoir
horizontal stress difference is small, especially under the
influence of natural fracture, hydraulic fracture tends to
propagate along the direction of natural fracture, which
results in the formation of fracture network [26—29].
During simultaneous fracturing, the opened hydraulic
fracture creates an induced stress field around itself and
the simultaneous propagation of multiple fractures
strengthens the induced stress in overlying area [12],
which changes the value and direction of the initial stress
field and affects the mode of fracture propagation.
Therefore, the first step for simultaneous fracturing
analysis is to recognize the impact of stress disturbance
induced by the simultaneous propagation of multiple
hydraulic fractures during fracturing. Figure 1 shows the
spatial structure of horizontal wellbores, propagating
hydraulic fractures and induced stress superimposed area
for simultaneous hydraulic fracturing of adjacent
horizontal wells.
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Fig. 1 Space plan of wellbore, propagating fracture and induced
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stress superimposed area for simultaneous hydraulic fracturing
of adjacent horizontal wells

2.1 Induced stress analysis

Based on the distribution of induced stress field and
propagating fracture in Fig. 1, Fig. 2 shows the plane
graph for calculation of induced stress of 2-D vertical
fracture in Cartesian coordinates.
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Fig. 2 Cartesian coordinates of induced stress calculation for
2-D vertical fracture

Based on the elasticity mechanics theory, and

combining with Fig. 2, the stress field induced by
hydraulic fracture is obtained [30] as
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where p is net pressure, H is fracture height, and c is
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Original stress field is disturbed by induced stress
field created by hydraulic fractures 4 and B. The induced
stress along the initial minimum horizontal principal
stress direction in the stress superposition area is as
follows:

Ao, (T)=Ac,(4)+Ac,(B) (7

where the induced stress Ao, (A4) and Ao, (B) are
created by fracture 4 and fracture B in the initial
minimum  horizontal  principal stress  direction,
respectively; Ao, (T) is the sum of the two induced
stress in the initial minimum horizontal principal stress
direction.

As the same, in stress superposition area, induced
stress along the initial maximum horizontal principal
stress direction is obtained as

Ao, (T)=A0'y (A)+Aay (B) ®)

where the induced stress Acg,(4) and Ac,(B) are created
by fracture A and fracture B in the initial maximum
horizontal principal stress direction, respectively; Ao,(T)
is the sum of the two induced stress in the initial
maximum horizontal principal stress direction.

The horizontal induced stress difference in the
initial minimum and maximum principal stress direction
is defined as

Ao =Aoc,-Aco, )

By the above calculation model of induced stress,
analysis is conducted for studying the impact of
hydraulic fracture on the stress field. In terms of Fig. 1,
assuming that only fracture 4 causes stress perturbation,
the horizontal induced stress difference of the initial
minimum and maximum principal stress direction is
shown in Fig. 3. As can be seen from Fig. 3, the induced
stress difference is positive. Hence, the induced stress in
the initial minimum principal stress direction is greater
than the induced stress in the initial maximum principal
stress direction, which can cause the horizontal stress
difference becoming smaller or the change of principal
stress direction under extreme conditions. And we can
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Fig. 3 Variation of induced stresses for single fracture with

distance away from fracture 4

see that induced stress difference is weakened with the
increase of the distance away from fracture 4.

Assuming that stress perturbation is caused by both
fractures 4 and B, the induced stress is shown in Fig. 4.
Compared with Fig. 3, under the effect of double
fractures, the area and extent influenced by induced
stress increase relative to single fracture. Hence, induced
stress of double fractures has more important impact on
propagation of fracture network.
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Fig. 4 Variation of induced stresses for double fractures with
distance away from fracture 4

2.2 Mechanics

expansion

For naturally fractured reservoir, it is the essential
factor for the realization of fracture network expansion
and reservoir stimulation that hydraulic fracture activates
natural fractures [22]. Based on Warpinski criterion that
is widely used for fracture propagation in naturally
fractured reservoir at present [26], tensile fracture will
happen to natural fracture when the fluid pressure at
natural fracture overcomes the normal stress imposed on
natural fracture [19]:

p(t)>an+Apnf (t) (10)

where g, is the normal stress imposed on the surface of
natural fracture. According to the two-dimensional linear
elastic theory, there is

condition of fracture network



1430

J. Cent. South Univ. (2015) 22: 1427-1436
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where oy is the maximum horizontal principal stress; oy,
is the minimum horizontal principal stress; 8 is the angle
between the maximum horizontal principal stress and
natural fracture strike; Ap,(f) is the fluid pressure drop in
natural fracture [31]:

_4lp()-r]& 1

Apnf (t) T 02I’l+1'
2n+1) n’k 2n+1
exp _( n+ ) T 2nft sin( n+ )n (12)
44, uC Ly 2

where py is the initial fluid pressure in natural fracture; L¢
is the length of natural fracture; u is fluid viscosity; C; is
the compressibility of natural fracture; @, is the porosity
of natural fracture; and k, is the permeability of natural
fracture.

The fluid pressure at natural fracture can be
expressed as the function related to net pressure:

p(t) =0y + Poe (1) (13)

where p, is the net pressure in natural fracture.
By substituting Egs. (11) and (13) into Eq. (10),
tensile fracture of natural fracture needs the net pressure:

Prec (1) >%[1—cos(29)]+Apnf (t) (14)

According to Warpinski criterion, shear fracture will
occur when the shear stress imposed on the surface of
natural fracture is greater than the shear strength of the
fracture surface.

o>z, + K[ 0, - p(1)] (15)

where 7, is the cohesive force of natural fracture, K;is the
friction coefficient on the surface of natural fracture, and
7 is the component of the shear stress imposed on the
surface of natural fracture, which can be expressed as

r= %sin@@) (16)

By substituting Eqs. (11), (13) and (16) into
Eq. (15), shear fracture of natural fracture needs the net
pressure:

Poet (1) > Ki{r Jr%mf —sin(260) -
f

K; cos(2t9))} (17)

Equations (14) and (17) indicate that the needed net
pressure reaches the maximum when hydraulic fracture
is vertical to natural fracture for any kind of fracture
mode [21]. The maximum net pressure for tensile
fracture is (o — 0y, )+ Apy (7), and the maximum net

pressure for shear fracture is 7,/K; + (o} — oy, ), which
shows that above both equations are positively correlated
to the horizontal stress difference. Therefore, reducing
initial horizontal stress difference helps to activate
natural fracture and extend fracture network fully.

Considering the combined action of initial stress
and induced stress, the maximum net pressure for tensile
fracture is

Puet (1), =T — O —(Ao-x (T)-Ao, (T)) +Apye (1)
(18)
Similarly, the maximum net pressure for shear
fracture is

Pret (1), =70/Ks + 0y =0y, —(Ao-x (T)-Ao, (T))
(19)
According to Egs. (18) and (19), net pressure for
breakdown of natural fracture will reduce because the
induced stress difference in the two directions of initial
horizontal principal stress is greater than zero.

Ao, (T)-Ac,(T)>0 (20)

According to Egs. (18) and (19), when the
horizontal induced stress difference is equal to the initial
horizontal stress difference, we can see that net pressure
for the breakdown of natural fracture will decrease to
minimum:

Ao, (T)-Ac,(T)=0y —a, (21)
By transposition, the following equation is

available.

AO‘X(T)+O'h:O'H +Ao, (T) 22)

Equation (22) indicates that it is easy for natural
fracture to breakdown when the current stress field is
isotropic under the effect of induced stress.

When the horizontal induced stress difference is
greater than the initial horizontal stress difference,
namely,

Ao, (T)-Ac,(T)>oy —0, (23)
By transposition, the following equation is

available.

Ao, (T)+oy>oy +Ac, (T) (24)

At this time, the current horizontal stress field will
reverse, and the extension direction of hydraulic fracture
will thoroughly turn to the initial minimum horizontal
principal stress direction, which is most favorable to the
expansion of fracture network.

Based on the above analysis, when the initial
horizontal stress difference in reservoir is smaller and the
difference between induced stresses is greater, Eqs. (21)
and (23) are more easily satisfied. So it is easier to
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realize the re-orientation extension of hydraulic fracture.
Figure 4 shows that, compared with the induced stress
difference caused by a single fracture, the induced stress
difference caused by double fractures of simultaneous
fracturing is larger, then the influence scope and extent
on reservoir stress field increase, which makes it easier
for fracture network to expand in reservoir and has a
positive effect on improving the scope and extent of
SRV.

3 Geological adaptability
simultaneous fracturing

analysis  of

The geological factors that influence fracture
propagation include reservoir physical property, rock
composition, rock mechanics characteristics, horizontal
stress field and the distribution of natural fractures [32].
In the section, whether simultaneous fracturing is
adaptive to reservoir Chang-7, will be discussed by
taking well Yangping-1 and well Yangping-2 as pilot test
wells.

3.1 Reservoir physical property

Laboratory tests on the rock cores from observation
wells (well Yangce-1, well Yangce-2 and Yangce-3) were
conducted. The measured average porosity and average
permeability are respectively 8.72% and 0.124 mbD,
which shows that the physical property of reservoir
Chang-7, is poor. For the typical ultra-low permeability
reservoir, a better stimulation effect can be obtained by
fracture network stimulation [22].

3.2 Natural fractures

The natural fractures in ultra-low permeability
sandstone reservoirs in Longdong area can be divided

» L. g

into structural fractures and diagenetic fractures, as
shown in Fig. 5 [33]. The average linear density of high
angle fractures on rock cores is 1.25 m'; the fracture
height is less than 2.2 m, mainly within 60.0 cm. The
extension length of single fracture in the plane is 2.0 to
16.0 m, and the maximum length can be more than
20.0 m. The fracture development in reservoir Chang-7,
was studied by the imaging logging on well Yangce-2.
The study shows that natural fractures have developed in
the reservoir, and their inclined angles range from 56° to
88°, thus they belong to middle-higher angle fracture;
natural fracture trend is 34° to 276°, and ranges from
north east to south west. The natural fractures in the
target reservoir have an important influence on the
expansion of hydraulic fracture network.

3.3 Rock constituents and mechanics parameters

The rock brittleness is controlled by rock
constituents [34]. As the brittle mineral content increases,
the rock brittleness becomes stronger, and it becomes
easier to form fracture network under the function of
outside force [35]. According to the research results of
shale, the brittle mineral content more than 40% is the
precondition for the formation of fracture network. The
mineral content of reservoir Chang-7, in Longdong is
dominated by both fine particle lithic feldspar sandstone
and feldspar lithic sandstone, in which the content of
quartz and feldspar siliceous reaches 60.7%, so the rock
constituents are conducive to the formation of fracture
network.

Rock mechanics parameters have great influence on
the mode of fracture propagation. RICKMAN et al [36]
believed that fractures tend to form fracture network in
the reservoir whose rock brittleness index is more than
50.

&

Fig. 5 Natural fractures of reservoir Chang-7, in Longdong area: (a) Structural fractures; (b) Diagenetic fractures; (c) Intragranular

fractures; (d) Intergranular fractures
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According to laboratory triaxial rock mechanics tests,
average elasticity modulus is 2.98x10* MPa and average
Poisson ratio is 0.196. The rock brittleness index is
calculated as 54.9, so the rock mechanical property has a
positive effect on fracture network expansion.

3.4 Reservoir stress field

According to the study on reservoir stress with
paleomagnetic method and differential strain analysis,
the horizontal stress distribution of reservoir Chang-7, in
Longdong area is relatively smooth. And the horizontal
stress difference is small, which ranges from 2.7 MPa to
4.0 MPa and the average value is 3.46 MPa. Experiments
also show that the maximum horizontal principal stress is
in the direction of north by east 70.4° to 76.1°.
Horizontal wellbores in field were drilled along the
direction of about north by east 160°, which is almost the
same as the minimum horizontal principal stress
direction, so that the main hydraulic fractures are
orthogonal to the horizontal wellbore.

As can be seen from the above analysis of the
geological adaptability of hydraulic
fracturing, reservoir Chang-7, possesses the geological
conditions for simultaneous fracturing. And because of
the shallow burial depth about 2100 m, there are a lot of
available operating techniques to choose, such as
mechanical packer staged fracturing, hydraulic jet staged
fracturing, which ensures the feasibility of carrying out
simultaneous hydraulic fracturing process.

simultaneous

4 Optimization design of simultaneous

fracturing

Based on the mechanism of simultaneous fracturing
and the basic reservoir characteristics above, in this
section, the key parameters of simultaneous fracturing of
two adjacent horizontal wells and the materials of
fracturing treatment will be optimized.

4.1 Operation pumping rate

The induced stress difference created by hydraulic
fracture ranges from 2.45 MPa to 3.81 MPa when net
pressure is 5 MPa, and the current horizontal stress
difference varies from —0.35 MPa to 1.01 MPa, which
means that the horizontal stress difference is negative in
some area where the stress direction reverses. In order to
guarantee the full stimulation of the reservoir, the net
pressure about 5 MPa should be taken into consideration
to carry on the design of fracturing treatment. There is a
very good positive correlation relationship between
operation pumping rate and net pressure. When operation
pumping rate reaches 5 m®/min, net pressure reaches
more than 5 MPa in 44% of propagating fracture; when
operation pumping rate reaches 6 m’/min, net pressure

reaches more than 5 MPa in 51% of propagating fracture.
Considering the influence of the
propagation of multiple fractures on net pressure, the
pumping rate should be determined in the range of 6 to
8 m’/min.

simultaneous

4.2 Perforation spacing

Although the fractures interaction is enhanced when
perforations spacing becomes smaller, the width of
fracture network zone decreases. As perforation spacing
increases, the width of fracture network zone increases,
but the fracture interaction is weakened, which leads to
the deficient lateral extension of fracture network, then
the density of fracture network decreases. Assuming that
operation net pressure is 5 MPa, corresponding to
different perforation spacing, the current horizontal stress
difference in the middle of perforations and its reduction
rate when compared with the initial horizontal stress
difference are listed in Table 1. When perforation spacing
is less than 20 m, the reduction rate of the horizontal
stress difference is over 50%; but the reduction rate is
about 50% when perforation spacing is equal to 25 m.
Combining with the initial horizontal stress difference,
perforation spacing should be determined between 20 to
25 m to carry on the design, including the spacing
between perforation clusters in single segment of
horizontal well and the spacing between cross
perforations in the target segment of simultaneous
fracturing of double adjacent horizontal wells.

Table 1 Influence of perforation spacing on differential
horizontal stresses

Horizontal stress Reduction rate of

Perforation . .. .
. difference in middle of horizontal stress
spacing/m . .
perforations/MPa difference/%

10 —1.64 147

20 1.11 67.9

25 1.80 479

30 2.24 35.2

40 2.73 21.0

50 2.98 13.8

4.3 Perforation parameters

In order to ensure the operability and convenience
of the process implementation, hydraulic jet staged
fracturing for horizontal well, which has been applied in
Changqing oilfield [37], was chosen as the optimal
process to accomplish the simultaneous fracturing
treatment. Pressure drop caused by nozzle can be
expressed as follows [38].

513.5590°%p

(24)
AiC?

Py
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where p, is pressure drop caused by nozzle; Q is jetting
displacement, L/s; p is fluid density, At is total area of
nozzle; C is the flow coefficient of nozzle.

The pressure drop of double spray gun with 8
nozzles (the diameter of each nozzle is 6 mm) is 13.77 to
30.98 MPa when the flow rate is 2.0 to 3.0 m*/min. This
double-spray gun can meet the needs of two-cluster
simultaneous fracturing in single segment. Assuming that
tri-spray gun has been taken to carry on the design,
jetting pressure drop is 21.51 MPa, but the friction of
tube increases almost half of the former, the operation
pressure of the furthest fracture section reaches
approximately 72.3 MPa. Considering that a large
number of perforation clusters in each section would lead
to the increase of operation difficulty, the scheme of
double-spray gun and double-perforation clusters in each
section was employed in field tests.

4.4 Fracture conductivity

Figure 6 shows the simulative annual cumulative
production of single well with different major fracture
conductivity. When the main fracture conductivity
reaches 10 D-cm, the production growth becomes slow
and gradually stabilized. Therefore, the main fracture
conductivity should be designed in the range of 10 D-cm
to 15 D-cm.
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Fig. 6 Variation of annual cumulative production with major

fracture conductivity

4.5 Fracturing materials

As fracturing fluid viscosity reduces, the complexity
of fracture network expansion increases [39]. Therefore,
the fracturing fluid of linear gel or slickwater was chosen
as the main treatment fluid which prompted the forepart
network expansion. Laboratory tests for the optimization
evaluation of linear gel and slickwater were conducted
about reservoir Chang-7,, and the results indicated that
slick water with 0.1% resistance-reducing agent did the
minimum harm to reservoir, thus slick water with low
damage was adopted. At the same time, in order to meet
the design requirements of the main fracture conductivity

in later stage, gelled fracturing fluid was adopted to carry
sands so that the main fracture can be fully filled.

The chief drawback of slick water is the low
capacity of transporting proppant [40]. Therefore, it is
regarded as the optimization principle to choose light
proppant with a small size for the branching fractures.
Due to the closure stress of the reservoir Chang-7, in
35-40 MPa, small size of quartz sand can meet the
design requirements. Thus, quartz sand of 40/70 mesh
(197/355 pm) was chosen as the forepart proppant; for
the filling of main fracture, small ceramsite of
30/60 mesh (250/560 pm) was used for trailed sand.

4.6 Liquid volume of fracturing treatment

Because there was no suitable simulation tool to
confirm the relationship between the volume of
fracturing fluid and the stimulated reservoir volume, the
fracturing fluid volume design for the fracturing of shale
reservoir was referred as the scale design of the field
test [12], and the optimized fluid volume of each section
was 600 to 800 m’.

5 Field implementation and analysis of
simultaneous fracturing

5.1 Operation basic situation

The field test of simultaneous hydraulic fracturing
was performed on well Yangping-1 and well Yangping-2.
Reservoir Chang-7, ranges in depth from 2150 m to
2250 m, and the horizontal section length of each
horizontal well is approximately 1500 m. The two
horizontal wells were respectively divided into 13 stages
to carry out multistage simultaneous fracturing through
hydraulic jet. And the combination process of abrasive
perforating and fracturing treatment was simultaneously
performed at two jetting points of interval about 20 m in
each section. Operation parameters of the two wells are
listed in Table 2. The total volume of fluid injected into
each section is 455.2-834.7 m’, and the average value is
587.2 m’; the total volume of fluid injected into well
Yangping-1 is 77944 m’, while the total injection
volume of well Yangping-2 is 7472.1 m’. The amount of
sand injected into each section is 37.1 to 42.2 m’, and the
average value is 39.7 m’; the total volume of sand
injected into well Yangping-1 is 519.9 m’, while it is
515.0 m® in well Yangping-2. The pumping rate of tubing
varies from 2.5 m*/min to 2.8 m*/min, while the pumping
rate of casing ranges from 3 m*/min to 4.5 m*/min; the
total pumping rate is 5.5 to 8 m’/min. The proppant
concentration ranges from 6.8% to 12.6%, and the
average value is 9.33%. The operation pressure of tubing
varies from 29.9 MPa to 53.9 MPa, while the operation
pressure of casing ranges from 25.4 MPa to 36.5 MPa;
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Table 2 Actual parameters of fracturing operation for wells Yangping-1 and Yangping-2

Volume of  Volume of Tubing Casing Tubing Casing Tubing  Casing Average
Well fluid injected sand injected  operation operation operation operation  shut-in shut-in proppant
into each into each  pumping rate/ pumping rate/ pressure/ pressure/ pressure/ pressure/ concentration/
section/m®  section/m’  (m’min")  (m’min") MPa MPa MPa MPa %
Yangping-1 480.6—834.7 37.1-42.2 2.5-2.8 3.0-4.5 29.9-53.9 26.3-36.5 12.6-16.4 11.7-155 7.9-12.6
Yangping-2 455.2—834.0  38-42.2 2.5 3.5-4.5 36.6-51.3 254-32.1 13.6-15.6 13.5-154 6.8-11.9

the shut-in pressure of casing is 11.7 to 15.5 MPa, while
the shut-in pressure of tubing is 12.6 MPa to 16.4 MPa.

5.2 Analysis of fracturing treatment

According to the micro-seismic monitoring data of
fracture propagation in the simultaneous fracturing
performed on well Yangping-1 and well Yangping-2, the
stimulated reservoir horizontal area (SRHA) of the
hydraulic fractures in different sections are shown in
Figs. 7 and 8, respectively. The minimum SRHA and the
maximum SRHA of well Yangping-1 are respectively
1.342x10%* m* and 4.674x10* m?, and the total SRHA is
36.537x10* m*; for well Yangping-2, the minimum value
and the maximum value of SRHA are respectively
1.485x10* m” and 4.674x10*m”, and the total SRHA is
35.2585x10*m?. Although the stimulation extent of each
section is great different from others’, on the whole, the
full stimulation for reservoir Chang-7, is realized.

5

SRHA/10* m?
) w IS
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T

1 234567 8 910111213
Horizontal well stage of well Yangping-1

Fig. 7 SRHA of well Yangping-1 for different horizontal well

stages

SRHA/10* m?
— [\ w ~ W N

1 234567 8 910111213
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Fig. 8 SRHA of well Yangping-2 for different horizontal well
stages

Figure 9 shows the relationship between the injected
fluid volume and the SRHA in different sections for well
Yangping-1 and well Yangping-2. There are two
fracturing sections where the injected fluid volume is
more than 800 m’, but the SRHA is not the biggest;
similarly, there are two fracturing sections where the
SRHA is larger than 4x10* m?, but the injection volume
is about 480 m’. The above shows that there is a poor

correlation between the injected fluid volume and the
SRHA.
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Fig. 9 Variation of SRHA with injected fluid volume

Figures 10 and 11 show the fracture network
horizontal width (FNHW) of different fracturing sections
of well Yangping-1 and well Yangping-2, respectively.
By respectively comparing Fig. 7 and Fig. 10, Fig. 8 and
Fig. 11, it can be found that the FNHW and the SRHA
have a good positive correlation, that is, as FNHW
increases, the SRHA increases. For the stimulation of
ultra-low permeability reservoirs in the field test by
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Fig. 10 FNHW of well Yangping-1 for different horizontal well
stages
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Fig.11 FNHW of well Yangping-2 for different horizontal well
stages

simultaneous hydraulic fracturing of adjacent horizontal
wells, broadening the FNHW is an effective way to
improve the SRHA and SRV.

5.3 Evaluation after fracturing

During the production test after fracturing, the daily
production of well Yangping-1 and well Yangping-2
reached 105.8 t/d and 87.6 t/d, and the two wells were
respectively approximately 9.4 times and 7.8 times the
daily production of a fractured vertical well in the same
oil field area, which reflected that ultra-low permeability
sandstone reservoirs were fully stimulated by
simultaneous hydraulic fracturing of two adjacent
horizontal wells, and the fracture network provided a
good flow channel for reservoir fluid. The remarkable
fracturing effect showed that the field test obtained a
great success.

6 Conclusions

1) An in-depth research on the mechanism of
simultaneous hydraulic fracturing is performed, which
shows that the essential reason why simultaneous
fracturing of double horizontal wells can influence the
fracture network expansion is the perturbation effect and
the superimposed effect of induced stress created by
hydraulic fractures simultaneously extending along the
opposite direction on the original stress field.

2) Based on the geologic condition of the target
reservoir Chang-7, of the field test wells in Changqing
oilfield, the adaptability of simultaneous fracturing to
Chang-7, is analyzed, which shows that the rock
crushability is outstanding, the horizontal stress
difference is small, the natural fractures exist and the
buried depth is shallow. The above factors indicate that it
is possible for fracture network to form and expand in
the reservoir. Thus, the reservoir Chang-7, can carry out
simultaneous fracturing.

3) The fracturing practice shows that the stimulation
effect of simultaneous hydraulic fracturing is remarkable.
Combining with the micro-seismic monitoring data
analysis, it is identified that the fracture network fully
stimulated the reservoir and enlarged the drainage
volume of the reservoir fluid, which shows that it is
feasible to select and carry out this technological
measure. For this kind of ultra-low permeability
reservoirs in Changqing oilfield, simultaneous hydraulic
fracturing has great popularization value and application
prospect.
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