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Abstract

Channeling between injectors and producers leads to bypassed oil left in the reservoir, which is one of most common reasons
that wells in mature oil fields experience high water cut after long-term waterflooding. Identification and evaluation of the
higher permeable channels (thief zones) are the key to effectively plug these thief zones and improve the conformance of
water flood. This study applies three different methods to identify and evaluate the thief zones of a water injection project in
North Buzazi Oilfield, a thick-bedded unconsolidated sandstone heavy oil reservoir in Manghestau, Kazakhstan. The thief
zones, which evolve as a result of formation erosion and sand production, are identified and classified with respect to four
different levels of significance using fuzzy comprehensive evaluation, production/injection profile method and pressure index
(PI) methods. Good consistency is observed among the identification results using these methods. Finally, we present two
ways to quantitatively evaluate the characteristics of the thief zones using water—oil-ratio as the input, which can be readily

applied for future field development design.
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Introduction

After long-term water flooding, dissolution and erosion of
the formation lead to an increase in pore size and permeabil-
ity. Under the combined effects of formation heterogeneity
and gravity differentiation, some zones with large poros-
ity and high permeability will evolve into thief zones that
cause channeling between injectors and producers, resulting
in ineffective circulation of injected water.

There have been different methods proposed for the iden-
tification and evaluation of the thief zones. Well logs, such
as injection and fluid production profile logging (Xiang et al.
2002), is one of the most common ones. Sometimes the for-
mation of thief zones could be recognized from coring and
observing the core’s lithology, color (i.e., the thief zones are
often white and washed cleanly) and oil content. To obtain
the quantitative evaluation of thief zones, the mathematical
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model applicable to fluid flow under the influence of thief
zones is established and solved, from which several meth-
ods are proposed. For example, the well-known modified-
Hall analysis (Kabir and Izgec 2009) is developed based
on single-phase, steady state, radial flow of liquids. Some
studies proposed straightforward calculation for thief zone
parameters using injection/production data-based simplified
one-dimensional flow models (Zhilin et al. 2001; Yuetian
et al. 2003). Pressure responses of the production and injec-
tion wells have also been used to identify and evaluate the
thief zones quantitatively via well test (pressure transient)
analysis based on solving the transient liquid flow problem
analytically (Zhao et al. 1994; Feng et al. 2013) or numeri-
cally (Li et al. 2016).

In recent decades, many studies have used tracers (inter-
well tracer testing) to identify the direction and velocity of
the fluid flow in the porous medium(Yueming et al. 1994;
Shuxia and Yueming 2002; Limei et al. 2003), from which
the thief zones can be evaluated from the transport of the
tracer (Calhoun 1953; Lu et al. 2021a, b). This is currently
the most effective and reliable method but presents the limi-
tation of high cost and heavy workload. Moreover, recent
developments also show that streamline simulation is an
advantageous tool to identify the spatial distribution of thief
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zones via history matching against production data (Var-
gas-Guzman et al. 2009). In practice, two or more of these
methods are usually implemented together to improve the
efficiency and reliability of the identification and evaluation
of the thief zones (Felsenthal and Gangle 1975; Abbaszadeh-
Dehghani 1982; Asadi et al. 2005; Al-Dhamen et al. 1998).

In this paper, we present the study of identifying and clas-
sifying the thief zones in North Buzazi Oilfield with respect
to different significance levels using three different methods:
a fuzzy comprehensive evaluation method using reservoir
properties obtained from well logs, a vertical heterogeneity
chart under production/injection profile concept and a pres-
sure index (PI) chart based on a newly proposed dimension-
less PI value calculated from well pressure response.

Thief zones identification in North Buzazi
Oilfield

The North Buzazi Oilfield is a heavy oil reservoir with edge/
bottom water and gas cap. The formation is Cretaceous and
Jurassic unconsolidated sandstone. The average reservoir
permeability is 200—3000md, and the crude oil viscosity
is 356-527 mPa s, the reservoir temperature is 22-31 °C,
and the salinity of formation water is above 60,000PPM.
As shown in Fig. 1, significant sand production is observed
in some oil production wells, and the injection pressure of
the water injection wells is greatly reduced, indicating that
the channeling is due to the water injection and evolution of
thief zones. Based on well log data, the interpolated distribu-
tions of the porosity and permeability are shown as in Fig. 2.
In this study, we apply fuzzy evolution method to identify
and classify the thief zones.
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Fig.1 (Top) Pressure drop data of Well NB 37; (Bottom left) Sand production of Well NB6695;(Bottom right) Sand production of Well NB6182
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Fig.2 (Top) Porosity and (bot-
tom) permeability distributions
of North Buzazi Oilfield
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Fig.3 The relationship between the cementation index (m) and
porosity (¢b) of the North Buzazi oilfield

Fuzzy comprehensive evaluation
for the identification of thief zones

Fuzzy comprehensive evaluation method is an evaluation
method based on fuzzy mathematics. Qualitative evaluations
are converted to quantitative evaluations based on the mem-
bership degree theory of fuzzy mathematics, that is, using
fuzzy mathematics to make an overall evaluation of things
or objects restricted by multiple factors. It can better solve
problems which are vague and difficult to quantify and is
thus suitable for solving various non-deterministic problems.
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The formation and evolution of the thief zones are
affected by both static factors (geological conditions) and
dynamic factors (injection and production conditions). In
this paper, eight factors are selected, including three static
factors and five dynamic factors, to characterize the cause of
formation and evolution of the thief zones. They are detailed
as follows:

Static factors:

(1) Permeability ratio: permeability ratio is the ratio of
maximum permeability (K,,) to minimum perme-
ability (K,;,)-

Degree of cementation: an empirical relationship is
established between the cementation index and poros-
ity of the unconsolidated sandstone reservoirs in North
Buzazi (Fig. 3). The lower the cementation strength,
the greater the possibility of developing a thief zone.
Clay content: Clay refers to the detrital material with
a particle diameter of less than 0.01 mm. Clay content
is also called shale volume, which refers to the ratio of
the volume of shale to the total volume of the rock. If
the formation presents low clay content, after long-term
water injection development, the shale cementation on
the rock pore surface is weakened, and sands migrates
with the injected water, resulting in sand production,
which leads to the increase in the permeability and per-
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meability of the formation. The clay content is deter-
mined by well log data.

Dynamic factors:
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Dimensionless cumulative water injection: the ratio
between the water injection of a well group and the
average water injection of the whole area. The larger
the value is, the greater the possibility of forming a
thief zone;

The water—oil-ratio of the well group: the ratio between
the water—oil-ratio of a well and the average water—
oil-ratio of the well group. The larger the value is, the
greater the possibility of forming a thief zone;

Sand production: the larger the sand production, the
easier it is to develop the thief zone;

Increasing rate of water cut: the rising rate of water cut
refers to the percentage of water rising for every 1% of
geological reserves extracted;

Dimensionless cumulative fluid production: the ratio
between the fluid production of a well group and the
average fluid production of the whole area. The larger

the value is, the greater the possibility of forming thief
zones.

The fuzzy comprehensive evaluation method consists
of the following steps:
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The evaluation factor setThe factor set is the construc-
tion of the fuzzy comprehensive evaluation index,
including the influencing factors of the formation of
the thief zone.

U= {Mls MZ’ AR Mm}

)

The fuzzy comment sefThe comment set is determined
by the front plane and longitudinal heterogeneous clas-
sification.

V= {vl, Voyoen s vn}

. o ()
The weight of each factorThe weight distribution of
the evaluation factors used in this study is adjusted
and determined combining the gray relational analy-
sis method based on the results of dynamic and static
analysis, and results are shown in Table 1:

Table 1 Weights distribution of the factors, and the upper and lower bounds of the factors of each inhomogeneity level

Static factor

Dynamic factors

Permeability  Degree of Clay content Increasing rate  Sand produc- Cumulative Dimensional ~ Dimensional
ratio cementation of water cut tion water—oil-ratio  cumulative cumulative
water injec-  liquid injec-
tion tion
Weights 0.2857 0.5714 0.1429 0.088 0.158 0.158 0.298 0.298
Upper and lowe bounds of the factors used for each significance level of theif zones
Normal <221 >1.85 >35 <0.0019 <6.32 <65.88 <0.82 <0.66
Natural 2.21~9.29 1.80~1.85 25~35 0.0019~0.0045 6.32~30.48  65.88~293.94 0.82~1.29 0.66~1.54
Developing 9.29~22.40  1.75~1.80 15~25 0.0045~0.0153 30.48~64.97 293.94~737.63 1.29~3.39 1.54~4.95
Developed >22.40 <1.75 <15 >0.0153 >64.97 >737.63 >3.39 >4.95

Fig.4 Thief zone distribution
obtained from fuzzy evaluation
method
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A= [al, ay, ..., am]

3

(4) The membership functions

This work chooses to determine the membership function
using the assignment method and the trapezoidal function.

(5) The fuzzy evaluation matrixFor a certain data point, the
inhomogeneity level (thief zone significance level) and
intercept in the two plates can be determined, and the
value corresponding to the intercept can be substituted
into the membership function of the corresponding
inhomogeneity level to obtain the degree of member-
ship, from which the planar and longitudinal heteroge-
neity qualitative fuzzy evaluation matrix R.

'y Tz T

R=| "2 ' "on
: .o )

Tt w2 " Vi

(6) Fuzzy comprehensive evaluationThe weight and the
evaluation matrix are multiplied to obtain the final
evaluation matrix.

B=AXR=[b1, bz, b ,bn] (5)

Given the input reservoir properties (static factors) and
well production/injection data (dynamic factors), we apply
the fuzzy evaluation following the steps above, and results
are given in Fig. 4. For this study, we defined four differ-
ent levels of significance (normal, natural, developing and
developed) for thief zone evolution as a result of erosion
and sand production. Therefore, the subscript ‘n’ in Egs. 2,

4 and 5, which denotes the level of classification, is equal to
four. For each thief zone significance level (inhomogeneity
level), the upper and lower bounds of the static and dynamic
factors are determined following normal distribution, and
values are given in Table 1.

Production/Injection profile method

The production/injection profile of oil and water wells char-
acterize the thief zones along the vertical direction. In the
vertical direction, layers of thief zones exhibit higher water
and liquid flow. Two parameters, H,, (strength of heteroge-
neity index of water injection) and H,, (heterogeneity index
of water injection), are defined and used as the horizontal
and vertical coordinates of the evaluation chart discussed
below. They are defined as:

Hy = (6)
where ZS is the total water injection strength and equals to
the ratio of total water injection volume and total thickness
of the reservoir; A; is water injection strength of the thief
zone layer, and A, . represents the highest water injection
strength of all thief zone layers.

Table 2 The difference in

- . Permeability Thickness ratio
permeability characterizes the contrast
development strength of the
thief zone 1 0.2
04

5 0.6

10 0.8

20 1

1500
Permeability

along X, mDarcy,
Profile

-1999.9
1600

945.67

1700
S 447.18

1800
211.46

.10000

Fig.5 Numerical simulation conceptual model of one injector and one producer
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Fig.6 Standard chart of vertical
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where A, is the maximum layer water injection volume
among all layers; A; is the total water injection volume. It
should be noted that both H,, and H, are between zero and
unity. The higher the H, is (the lower the H,, is), the higher
the heterogeneity.
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lation (Fig. 5). The permeability contrast and thickness
ratio between the upper and lower layers of the model are
used to characterize the thief zones depicted in Table 2.
Simulation data are used to calculate the H,; and H, indi-
ces. The resulting straight lines, which are parallel to each
other, are shown in Fig. 5. The straight line with perme-
ability contrast of unity is the boundary of the vertical
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heterogeneity. When the data fall into the upper-left side
of the straight line, it is considered that the formation is
homogenous along vertical direction. When the value falls
into the lower-right-side of the straight line, it is consid-
ered that there is a vertical heterogeneity between the
injection well and the production well, and the heteroge-
neity of the data gradually increases from the upper-left
to the lower-right-side.

Based on the standard chart shown in Fig. 6, the pro-
duction/injection profile data collected from a total of 512
wells in North Buzazi is analyzed using Eqs.6 and 7 and
plotted in Fig. 7. We further classify the thief zones with
respect to the significance of the vertical heterogeneity
using the K-means clustering algorithm detailed in Appen-
dix A.

Pressure index method

The pressure index (Pressure Index, PI) method is often
used in conformance control and injection shutoff deci-
sion-making in waterflood projects. In the previous studies
of PI method for the identification of thief zones, the tem-
poral evolution of reservoir properties under water injec-
tion has always been conveniently neglected. We proposed
a dimensionless PI value that considers the temporal vari-
ation of reservoir permeability before and after the forma-
tion of the thief zone, and thus eliminates the influence of
the flow capacity of the formation on the pressure falloff
data, leading to an accurate and effective identification of
the thief zone.

The wellhead pressure (p,,) of the water injection well
after shut-in is the pressure falloff curve of the injection

Fig.8 PI chart 120 T
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80

DPI 60

40

well. The pressure index (PI) value of the water well can be
calculated as following:

t
_ 1
PI=1x 0/ Pos(AD 8)

where PI is the pressure index value of the water injec-
tion well, p, (Ar) is the wellhead pressure as a function of
shut-in time Az.The PI value is inversely proportional to the
formation flow coefficient kh/p. Therefore, if the reservoir
permeability is higher, the thickness is greater, and the fluid
viscosity is smaller, the reservoir fluid in presents higher
mobility and injectivity, and the PI value will be thus lower.
On the other hand, the lower the water injectivity, the greater
the PI value.

Though the evolution of the thief zone would affect the PI
value, the PI value is a parameter that quantifies the overall
flow capacity of the formation, rather than the characteristics
of the thief zone. Without normalization with respect to the
effect of reservoir initial flow capacity on the pressure falloff
data, the PI value presented in Eq. 8 is unable to characterize
the temporal variation of reservoir permeability before and
after the development of the thief zone. Considering above,
this paper uses the following dimensionless PI values (Sen
2012):

k;h

DPI = 1.842x103qp )

where DPI is the dimensionless PI value;
k. is the original permeability of the reservoir, pm?;
h is the effective thickness of the reservoir, m;
q is the injection volume of the water injection well, m*/d;
u is the fluid viscosity in the reservoir, mPa-s;

normal
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pisllase ol ay .
e e O) Springer



3458 Journal of Petroleum Exploration and Production Technology (2021) 11:3451-3462

G210

Inpection / liguid production strength

Homogeneiny cocfficsent of water

0.2 03 04 0.5 0.8 or 0.8 0.9
Inhomageneous coefficient of water injectson | liguid production

Fig. 9 Comparisons of the identification results of well group 680

Developed

Developing

Matural

Maormal

1
1
foveation : convex
1
it I e e . | p |
g 15 . : ks i
g I 1 ! ! g :
2 Y : ! g3 |
Rz B } i z ] ]
5 [ | : 5 1 1
S ! 5 2 1l 1
§ 0.5, | 5 ¥ '
s [ 1
2 : 24 X .
B 0! ! 3 : : :
g ! ' g 1 Ll . I
s ol - 80 H T [ |
g ' | 8 1° 7710377100 T TI0K T~ T10000
<
= Time ( day ) : =3 Time ( day )
1
1
e 2 < g . ! [Uniform advance o Formation of B
Large initial water-oil Water content rise Weaker infiltration 1 Fwater niection In P i AR Channel invalid water
ratio of water injection slowed down in and faster rise of : itial wate :_0“ ratio i Water contont cycle Water content
into large channel matrix oil infiltration water content f " . rises slowly
1
1

Typical thief zones of pipe flow pattern

Fig. 10 Typical water cut index curves of different levels thief zones

PI is the PI value, MPa.

The PI and DPI characterize the flow capacity of the res-
ervoir from two different perspectives. The PI value quanti-
fies the overall fluid conductivity of the reservoir, while the
dimensionless PI value quantifies the degree of enhancement
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Typical seepage of zones

of the fluid conductivity during the entire injection process.
We found in practice that it be better to combine the two
methods for the well selection step in conformance control
and water shutoff process. Using Eqs. 8 and 9, we analyzed
the pressure data collected from a total of 98 wells in North
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Buzazi field. Similarly, K-means clustering algorithm is
implemented to classify the wells with respect to different
significance levels of thief zones as shown in Fig. 8.

To showcase the applicability and reliability of the three
methods (fuzzy evaluation, production/injection profile
and PI chart) presented above, well group 680 is taken as
a example, and the identification results are highlighted in
Fig. 9 below. It is clear that all of the three methods provide
consistent results by identifying and classifying well group
680 into the developed thief zone.

Evaluation of the thief zone characteristics
in North Buzazi Oilfield

In the reservoirs with different thief zone levels and chan-
neling conditions, the oil and water phases exhibit different
flow and transport behaviors, resulting in different water-
flood characteristics. After the identification of the thief
zones based on their evolutions, we further evaluate their
characteristics.

Based on the water flood characteristic curve of conven-
tional sandstone reservoirs, the fluid transport behavior of
Darcy flow and pipe flow is significantly different as shown
in Fig. 10. We selected the water—oil-ratio (WOR), which is
a parameter most sensitive to reservoir displacement condi-
tion and proposed two methods for pattern recognition:

Method A

Considering the injection-production well pair, given the
production data of oil and water wells, the properties of the
thief zones, including volume, permeability and pore throat,
are calculated by combining the injected ‘excess water’ and
the theoretical water production of the production well. It
should be noted that ‘excess water’ is the difference between
the actual water production of the production well and the
theoretical water production without high water consump-
tion band and thus could be considered as ‘ineffective water’.

1. The water—oil-ratio is the mobility ratio between oil and

water flow:

Ry = (Kho) / (Kohty) (10)
2. The water production (q,4) needed to form the thief

zone:

dwo = Gos * Ruoi Gwd = dws = o (11)

3. The theoretical water production (g,) is derived from
steady state flow equation:

_ 27K, hAP
9w = e (12)

w

4. The percentage of water production that does not con-
tribute to the development of thief zone:

Ni = QWO/qWI (13)

5. The volume of the thief zone can be calculated from
volume balance:

Vi=V,(1-N,) (14)

6. The permeability and pore radius of the thief zone:

qwdﬂwl 8KdT2
F t K, = =
or seepage type 4 VJAP ry b
- (15)
For Pipe flow type : K, = PP
1279 oo

7. where R, is the theoretical water—oil-ratio, g, is the
water production in areas where thief zones are not
formed and in m®, g,,, is the excess water in m?; g,
is the actual water production in m?® ;g,, is the actual
oil production in m?; V, is the single well control pore

volume in m>.

Method B

The concept of ‘equivalent diffusion coefficient” based on
‘saturation difference’ is proposed, which means that the
spindle-shaped distribution of injection-production stream-
line and its influence on reservoir permeability are equiva-
lent to the influence of axial and lateral mass transfer and
diffusion of injected water.

1. The governing equation considering equivalent mass
transfer and diffusion in one-dimensional flow is writ-

ten as:
9°C ac 1 oC
D0x2 Uox = 1-S,,. ot (16)

2. Substituing in the water content (f,,), it can be trans-
formed into

L R W
D~ = s a7
3. Initial and boundary conditions are:
I x=0
I1.C. : f,(x0)= {fwo >0
(18)

. [,0,.H=1 >0
B.C : {fw(oo,t)szotzo
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Fig. 11 Water cut curve match results for (left) well 682-2 and (right) well 662-2

4. Define a corrected time ¢’:
7= (1=S,.)t 19)

5. Solve Eq. 16 under Eq. 18 using Laplace transformation,
the water content is given as:

_1 x—ut/ 1 ux x+ut/
f = 2erfc(z\/m) + 5 exp Derfc<zﬁ) +f0  (20)
6. Define the section correction model

_ T (Tb oy 1ob

T /< Hy + Ho ) @h

7. Finally, the water content of the outflow end of the
model is obtained as

f, = %aerfc(%) +fo0 (22)

where D is the equivalent diffusion coefficient in cm?/s;
C is the proportion of water in the mixed fluid can be
converted according to the water content in mg/L; u is
the flow rate of injected fluid in cm/s; S, is the irre-
ducible water saturation; ¢ is time in s; f,, is the water
content at the end of the outflow; T} is the permeability
difference; b is the ratio of the thickness of the thief zone
to the production layer where the channel is located, and
unit is in %

Table 3 Thief zone characteristics estimated from water content
curve match

Well Thief zone thick ness/m Perme-
ability
contrast

682-2 6.75 6.1

662-2 4.52 18.7
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By fitting the measured water content and the calculated
water content, the property parameters such as the equivalent
diffusion coefficient, thief zone thickness and permeability
contrast of the thief zone can be obtained.

For illustration purpose, the water content curve match
results of well 682-2 and well 662-2 are taken as examples
and displayed in Fig. 11 below. From the match results given
in Table 3, it is clear that well 682-2 is in a developing thief
zone while 662-2 is located in a developed thief zone, which
again corroborate the identification results given in Thief
zones Identificationin North Buzazi Oilfield Section

Concluding remarks

This study applies three methods to identify the thief zones
in the North Buzazi Oilfield in Manghestau, Kazakhstan.
Fuzzy comprehensive evaluation method is implemented
based on reservoir properties and production/injection data,
from which the spatial distribution of thief zones of differ-
ent significance levels is obtained. A vertical heterogeneity
chart is presented after applying production/injection profile
method. Combined with K-means clustering algorithm, thief
zones in vertical directions are identified straightforwardly
using the production/injection profile data collected from a
total of 512 wells in North Buzazi Oilfield. A new dimen-
sionless pressure index (DPI) value is proposed that captures
the influence of temporal evolution of the thief zones on
well pressure responses. Using a total of 98 well pressure
data collected in North Buzazi Oilfield, thief zones with dif-
ferent significance levels are identified and classified using
DPI method with the help of K-means clustering algorithm.
Results show that the evolution of thief zones due to the for-
mation erosion and sand production can be successfully cap-
tured in the identification and classification tools developed
on the three aforementioned methods. Good consistency
is observed in the identification and classification results,
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demonstrating the reliability of these methods. After suc-
cessful identifying the thief zones, we further present two
ways to quantitively evaluate the properties and characteris-
tics of thief zones, which are also shown to provide consist-
ent and reliable estimations.

Appendix A-K-means clustering algorithm

K-means clustering algorithm is an iterative solution cluster-
ing analysis algorithm. The steps are to split the data into K
groups, then randomly select K objects as the initial cluster-
ing centers, and then calculate the distance between each
object and each seed cluster center, and assign each object to
the cluster center closest to it. The cluster centers associated
with the objects assigned to them represent a cluster. Each
time a sample is allocated, the cluster center of the cluster is
recalculated based on the existing objects in the cluster. This
process will continue to repeat until a certain termination
condition is met. The termination condition can be that no
(or minimum number) of objects are reassigned to different
clusters, no (or minimum number) of cluster centers change
again, and the sum of squared errors is locally minimum.

The K-means clustering algorithm is generally consisted
of the following steps:

(1) Choose (randomly) 4 initial points, the position of each
point is (xi, yi), denoted as P1;

(2) Cycle: reach the predetermined number of steps or the
moving distance is less than the specified value min_
move:

(3) Calculate the distance between each point and the
center of the category according to formula (1), the
category with the smallest distance is the category of
the point;

(4) According to the points of each category, recalculate
the coordinate center and mark it as P2;

(5) Calculate the movement distance move from P1 to
P2, if the maximum value of the 4 moves is less than
min_move, stop the loop, otherwise assign the value of
P2 to P1.
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