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Whether intentionally or unintentionally, waterflooding always takes place under fracturing condition in tight reservoir because of
the extremely limited water absorption ability of the formation. Recently, we proposed a novel workflow, including real-time
monitoring, formation testing analysis, and dynamic production analysis, to timely and effectively identify the initiation of
waterflood-induced fractures (WIFs) and characterize the waterflooding behaviors for a well group. In this paper, we further
provide a supplementary study to evaluate the waterflooding performance from the well group to the field basis. The utilization
factor (UF) is first estimated on the basis of injection/production data by material balance theory, which provides an overall
picture of water injection efficiency every year. Then, the areal (straightforwardly showed by water cut and formation pressure
distributions) and vertical sweep (includes the water absorption in injectors and water breakthrough in producers) behaviors are
studied to investigate the waterflooding characteristics and residual oil distributions. Lastly, three key influence factors are
detailedly discussed: sand body connectivity, WIFs, and injection and production correspondence. Combining the previous
work for the single well group, and the study in this paper to field basis, one can have a better and much more comprehensive
understanding of the waterflooding performance and then thus take the corresponding adjustment measurements to improve

waterflooding effectiveness.

1. State of Problem

Block D is a typical tight oil reservoir in Changqing Oil field,
China. It was put into production in 1995, and the advanced
water injection was applied in 2002 to maintain the reservoir
pressure because of the low pressure coefficient. The main
oil-bearing layer of this block is C61, with the average effec-
tive thickness of 15.1 m, porosity of 12.5%, and permeability
of 0.54 mD. 107 infill wells were drilled in 2014, and lots of
producers were converted into injectors because of the high
water cut. Up to now, there are 230 producers and 63 injec-
tors in the block. With the water cut of 48%, the oil recovery
is only 10.98%, which indicates the great development poten-
tial of this field.

The waterflooding is considered to be effective in terms of
reservoir pressure maintenance and oil well responses. How-
ever, lots of producers watered out very quickly and unex-

pectedly in the early 2014. This may be caused by WIFs,
which keep closed in the original state, and then expand
and extend if the reservoir pressure is larger than fracture-
initiation pressure [1-4].

In order to have a better understanding of waterflooding
effectiveness, a comprehensive evaluation of waterflooding
performance is essential and critical. In the previous study
[5-7], we proposed a novel workflow, which includes real-
time monitoring, formation test, and dynamic production
analysis, to characterize waterflood-induced fractures on
the basis of injection/production history and formation test
data for a well group.

In this paper, we extend the previous study from a well
group to the field basis. We will evaluate the waterflooding
performance from three aspects: UF, areal, and vertical sweep
characteristics. Then, we further discuss the main factors that
have a great influence on waterflooding performance.
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FIGURE 2: Step rate test of water injection well L34-30 [7].

Combining the methodology proposed in this paper and the
workflow presented before [7], one can have an overall
understanding of the waterflooding performance (Figure 1).

2. Raw Data Analysis

In Figure 2, we plot the tubinghead pressure (THP) vs.
water injection rate for the water injection well L34-30

in this block. The THP firstly increases linearly and then
slows down or even has a slightly decrease as the increase
of water injection rate, which implies formation fracturing.
If the inflection point THP is converted into bottom-hole
pressure (BHP), the fracture-initiation pressure is obtained
as about 22 MPa, which is much less than the formation
breakdown pressure (30 MPa). In addition, the matching
results of the shut-in pressure data for the water injection
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FIGURE 3: Matching results of BHP responses of water injection well L34-30 in (a) Mar, 2014, and (b) Jul, 2015.

TaBLE 1: Production data of this block.

Year

Cumulative oil production =~ Cumulative water production

Cumulative water injection ~ Reservoir pressure Utilization

(10*m>) (10*m>) (10*m>) (MPa) factor
2009 55.06 22.99 274.52 14.07 0.315
2010 63.08 26.46 31441 14.2 0.316
2011 70.90 30.84 345.92 13.71 0.329
2012 78.11 35.53 374.49 14.16 0.338
2013 84.77 39.75 402.00 13.25 0.348
2014 91.20 44.16 428.91 13.35 0.354
2015 97.46 48.84 456.84 12.69 0.360
2016 105.23 54.56 484.15 12.45 0.372
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FiGure 4: UF of water injection in this block from 2009 to 2016.
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FIGURE 5: Schematic of (a) water cut and (b) pressure distribution of this block in 2016.

097 11¥ 007STTY 002911¥

008€TT¥

006€TT 00FF1TV 006%11¥ 00%STTY 006STTY 0019TT¥

007€TTY

Geofluids



Geofluids 5
1] oo
=] =]
| el ; Isotope/API | wol € E Isotope/API
BlEElE| =S| %0 | B 55| 2| 2|0 900
< | = 8| B 3 S| = 9| B 3
=|2E| 2| 5 =32 2| ¢
2| =2 512 GR/API 2| =2 2| 2| GRAPM
= o 900 = °© 900
O & [---=-===--—1 O | & |===mmmmmmmmmr
gt %
2
o 3 0
g o ©
- I [
o
O
(=1
<t
=
s
(=3
n
=
(=1
o
=
L
oo
: )
<
=
o : &

—~
o
=

(b)

FIGURE 6: Typical nonuniform absorption profile of water injection wells in this block. (a) Peaking water absorption. (b) Fingering water

absorption.

well L34-30 are provided in Figure 3. Obviously, this well
behaves as the composite model in 2014.03, and fracture
model in 2015.07, which implies the initiation of WIF.
In our previous work [7], real-time monitoring, which
includes modified Hall plot, evolving skin analysis, and
injection/fracturing index, is used to identify the fracturing
of WIFs. Different test methods are applied to investigate
the uneven waterflooding performance in the vertical and
areal directions. Combining the well testing analysis shown
in Figure 2 and the evidences we will discuss below, we
concluded that, in the most time, this fracture initiation
is actually the reactivation of the original closed natural
fractures in tight reservoirs. Therefore, the WIFs cannot
be prevented even though the BHP is controlled below
the formation breakdown pressure in the common prac-
tice. In the text below, we will focus on the evaluation of
waterflooding effectiveness in this block.

3. Waterflooding Effectiveness Evaluation

3.1. Utilization Factor of Water Injection. The ideal water-
flooding is to reach the uniform displacement; that is, the
crude oil is displaced from the injectors towards producers
by concentric circle. However, the undesired waterfloods

always prevail due to the influence of reservoir heterogeneity,
fractures/faults, and injection/production systems. In this
block, the UF is introduced to evaluate the waterflooding effi-
ciency, which is defined as

W..
_ i(ideal) (1)

where Wi, is the actual accumulative water injection
volume, W4, is the ideal accumulative water injection vol-

ume that needed to maintain the current reservoir pressure,
which may be estimated by material balance theory as

Wi (ideat) = NpBo + W, B, = NB,,C,Ap, (2)

and N, is the cumulative oil production, B, is the oil volume
factor, W, is the cumulative water production volume, B, is
the water volume factor, N is the geological reserves, B; is the
initial oil volume factor, C, is total compressibility, and Ap is
the pressure difference. Using the actual production data
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FIGURE 7: Behavior of production well along the maximum principal stress direction. (a) the pie chart of production of well pattern L33-35
(unit: m*/d). (b) the vertical flooding extent of L32-36 ~ L33-35 ~ L34-34.

provided into Table 1 and the definition in Eq. (1), the
UFs can be easily estimated, which are shown in the last
column of Table 1 and Figure 4. The UFs from 2009 to
2016 are stable at about 1/3, which means that triple vol-
ume of water (compared with theoretical volume) is actu-
ally injected into the reservoir to maintain the current
pressure. There is no clear answer on where the other
2/3 water. Some researchers guess it may be injected into
ineffective formations. This low UFs of this block signify
most of the water is not properly used.

3.2. Areal Sweep Characteristics. The contour map of the
water cut distribution is plotted in Figure 5(a) based on
the statistical results. In this figure, the deeper blue color
means higher water cut. This optimal northeast-
southwest waterflooding direction is in line with the max-
imum principal stress direction in this field. In addition,
the contour map of reservoir pressure is presented in
Figure 5(b), which is consistent with the water cut distri-
bution result in Figure 5(a). These water cut and reservoir

pressure distributions illustrate the highly unbalanced dis-
placement in the areal sweep, which are validated to be
caused by the influence of WIFs in our previous study
[7]. The producers along the fracture direction water out
quickly and unexpectedly with high pressure during the
waterflooding process, while the lateral wells behave as
the low production rate and pressure maintenance. For
this situation, the producers along the maximum principal
stress direction are suggested to convert into injectors. As
a result, the areal well pattern is thus transformed into
row well pattern to displace the residual oil that distrib-
uted on the both sides of WIFs.

3.3. Vertical Sweep Characteristics. Radioactive-tracer log-
ging has been used for many years to determine the water
injection profile [8, 9]. In this block, there are about 7 to
37 water injectors applied this technique every year from
2006 to 2016, and nearly half of them show the uneven
displacement behaviors. The typical nonuniform water
injection profiles are presented in Figure 6(a) as peaking
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FIGURE 8: Section of sand body connectivity. (a) Well connected. (b) Moderate connected.

water absorption and Figure 6(b) as fingering water
absorption, which may be caused by interlayer heterogene-
ity or WIFs. The water injection profile evolutions for a
single well each year reflect the variation of relative high-
permeable layers, and the special attentions should be paid
for the highly absorbing layers with low flow capacity
which implies the initiation of WIFs. Moderate water
injection or water injection profile control is suggested to
be applied to prevent the continuous extension of the
induced fractures.

In addition, we also investigate the vertical sweep
behavior of production wells and find that the content of
vertical flooding for producers is completely different in
the directions along or perpendicular to the maximum
principal stress direction. There are many high water-
flooded layers and large flooded areas along the maximum
principal stress direction, while for the producers perpen-
dicular to the maximum principal stress direction, the ver-
tical water-flushed level is pretty low. Taking the Well
group L33-35 as an example, the location of wells is
shown in Figure 7(a), and the vertical flooding extent of
L32-36 ~L33-35~134-34 is provided in Figure 7(b). The
producer L33-35 is high water flooded because it is located
between injectors L34-34 and L32-36 along the maximum
principal stress direction, which is generally the easiest
path of WIFs’ extension.

4. Key Influence Factors

4.1. Sand Body Connectivity. Sand body connectivity, which
is actually depends on the distribution of sedimentary
facies, is one of the main factors to influence the water-
flooding performance. The sand body size, distribution,
and combination characteristics are quite different in dif-
ferent sedimentary environments. The source direction of
this block is northeast-southwest, which is approximately
consistent with the maximum principal stress direction.
Figure 8 demonstrates two typical examples for well and
moderate connected sand body. The sand body connectiv-
ity is much better, and the thickness is much more stable
along the source direction. The drainage radius of wells is
limited, and the degree of sand body control by injection-
production well pattern is low if it is badly connected.
Therefore, the well pattern infilling may be needed to
establish a better injection-production corresponding
system.

4.2. Waterflood-Induced Fractures. Baker et al. [10] stated
that nearly 60% of waterflood reservoirs worldwide are
affected by WIFs. Due to the strong contradictions
between high permeable fractures and low permeable
matrix in tight reservoir, the water injection sweep effi-
ciency is particularly low if the WIFs are formed [11,
12]. Applying the methodology proposed by Wang et al.
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FiGure 9: The distribution of WIFs in this block.

[10], we can monitor the formation plugging/fracturing
timely and effectively based on the measured injection rate
and THP data. Then, different formation test data are
comprehensively analyzed to investigate the formation
fracturing pressure and uneven waterflooding displacement
in the areal and vertical directions. After that, the
multiple-linear-regression or isotopic tracer method is sug-
gested to determine the WIF directions. Based on that
workflow, the WIFs are identified in this area, which is
shown in Figure 9. These fractures generally distribute in
the northeast-southwest direction, which is in line with
the maximum principal stress direction. Generally, the
producers in the WIF direction are highly water cut wells.
Since the WIFs initiate and propagate gradually during the
waterflood process, they cannot be easily identified during
the early water injection. Once formed, they will have a
great influence on water injection performance. Therefore,
special attention should be paid, and the dynamic moni-
toring is suggested to strengthened in case of the occur-
rence of undesired and unexpected behaviors.

4.3. Injection and Production Correspondence. Injection and
production correspondence is an another important factor
that affects waterflooding performance. Take the well
group L36-44 as an example. Figure 10(a) shows the pie
chart of production status. The radius of the pie signifies
the production rate, and the oil is marked as read; water

is marked as green. The fence diagram of well pattern is
demonstrated in Figure 10(b), and the water absorption
profile is provided in Figure 10(c). Most of the water is
absorbed in the bottom of this injector seen from
Figure 10(c). The correspondences of producers L35-44,
L36-45, and L37-44 with injector L36-44 are much better,
which result in higher production rate, and the low pro-
duction rate of well LJ36-442 is caused by the bad corre-
spondence since it only perforates the upper oil layer.
Supplementary perforation is suggested to improve the
injection and production correspondence.

5. Concluding Remarks

In this paper, we propose a supplementary method of water-
flooding evaluation from our previous work for the well
group to field basis. The combination of UF, areal, and verti-
cal sweep characteristic evaluation provides us an overall idea
of waterflooding behavior for a field. Three main factors that
largely influence the waterflooding performance in tight res-
ervoir, including sand body connectivity, WIFs, and injection
and production correspondences, are discussed. Among
them, special attentions should be paid on the initiation
and propagation of WIFs which are extremely important
but easily ignored in the current analysis. Combining the
methodology proposed in this paper and the previous study
[7], managers can have a much more comprehensive and
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confident understanding of waterflooding performance and
then make corresponding adjustment measurements to
improve waterflooding effectiveness, like infill drilling,
producer-injection  conversion, and  supplementary
perforation.
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