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ABSTRACT

Undesirable leakage from underground sedimentary formations is a matter of considerable
concern due to implications for water resources contamination and greenhouse gas emissions.
Leakage in underground formations can remain undetected for a long period. Pressure monitoring
is a dynamic method that can be used for leakage detection and characterization. The pressure
signals are affected by the hydraulic characteristics of the reservoir media and leakage pathways.
Consequently, the pressure data can be interpreted to obtain information about the hydraulic
characteristics of the system. Pressure interpretation is useful for early leakage detection, because
the pressure signals travel fast in reservoir media. In this study, analytical methods are developed
to investigate pressure variations in the systems of leaky well, leaky fault, and leaky caprock.

Leakage characterization methods are presented based on the pressure interpretation.

viii



CHAPTER 1. INTRODUCTION

Undesirable leakage from underground sedimentary formations is a matter of considerable
concern due to implications for water resources contamination and greenhouse gas emissions
(Benson & Orr, 2008; Birkholzer, Zhou, & Tsang, 2009a; Blackford et al., 2009; IPCC, 2005;
Keating et al., 2013; Lu, Partin, Hovorka, & Wong, 2010; Pacala, 2003; Siirila, Navarre-Sitchler,
Maxwell, & McCray, 2012). Leakage in underground formations can remain undetected for a long
period. This work aims to provide an identification method for early detection of leakage from
injection zone to overlying formations.

Deep saline aquifers are used for underground disposal/storage of fluids. Leakage of the
injected fluids from the injection formation may adversely affect underground environment,
especially underground fresh water resources. The contamination can be a consequence of native
fluid leakage as well as injected fluids (Damen, Faaij, & Turkenburg, 2006; Little & Jackson,
2010). For instance, leakage of brine during CO2 injection into saline aquifers can affect the
shallow resources of fresh water. CO can contaminate fresh water resources and may impact pH
of the native fluids (e.g. brine) and can result in dissolution and movement of minerals (de Orte,
Sarmiento, Basallote, Rodriguez-Romero, & Riba, 2014; Harvey et al., 2012).

The existence of the naturally occurring potential leaky structures may not be a major
problem during the natural accumulation of fluid in the reservoirs. However, the overpressure
caused by injection operations would enhance the leakage risk (Rutqvist, Birkholzer, Cappa, &
Tsang, 2007). Moreover, injection pressurization may be associated with induced seismicity that
can be felt by the general population, and may cause damages (Ellsworth, 2013; Keranen, Savage,

Abers, & Cochran, 2013). Induced seismicity can also damage the sealing capacity of existing



potential leakage pathways including wells, faults, and caprock (Cappa & Rutqvist, 2011; Wiprut
& Zoback, 2000).

Plugged and Abandoned (P&A) wells are examples of leakage pathways that may be
conduit for fluid migration from confined permeable formations (Ebigbo, Class, & Helmig, 2007;
Jordan & Carey, 2016; Watson & Bachu, 2009). Abandoned wells should be plugged according to
standard regulations to prevent undesirable hydrodynamic connection between the sequential
layers intersected by the well. Cementing materials used during the P&A process normally have
very low permeability. However, the permeability can be changed by cement degradation over a
long time. Further, the interfaces of cement, rock matrix and casing can be the weak points of
leakage for a plugged well (Bachu & Bennion, 2009; Wojtanowicz, 2016). CO, can make
decomposition reaction with cement after flowing inside the cement matrix (Scherer & Huet,
2009). In addition, the low pH brine caused by CO> dissolution can corrode the sealing cement of
abandoned wells. The acidified brine may affect the cement especially if the acid remains in
contact with cement for several years (Scherer et al., 2015; Toews, Shroll, Wai, & Smart, 1995).
Completion failure of the injection well can also be a reason for well leakage.

Leaky caprocks and leaky faults are two other possible leakage pathways that can cause
significant hydraulic connection between confined sedimentary formations (Annunziatellis et al.,
2008; Barton, Zoback, & Moos, 1995; Chen et al., 2013; Evans, Forster, & Goddard, 1997;
Hermanrud & Bols, 2002; Leith, Kaarstad, Connan, Pierron, & Caillet, 1993; R. Sibson, 1977). A
fault is a planar interface that can be permeable across and along the fault plane with different
permeabilities in different directions. A fault generally consists of a low permeability core
surrounded by high permeability damaged zones. The permeability of the damaged zone is

controlled by the fractures induced during fault displacement (Agosta, Prasad, & Aydin, 2007;



Billi, Salvini, & Storti, 2003; Bruhn, Parry, Yonkee, & Thompson, 1994; Caine, Evans, & Forster,
1996; Caine & Forster, 1999; Chester, Evans, & Biegel, 1993; Rawling, Goodwin, & Wilson,
2001). In addition to leaky fault and well, leakage can occur through a permeable region in a
seal/low-permeability caprock layer. The induced stress caused by overpressure can damage the
caprock seal especially during the injection (Hermanrud & Bols, 2002; Ingram & Urai, 1999;
Selvadurai, 2012; R. H. Sibson, 2003).

As the speed of the pressure propagation is much higher than the leaky fluids, pressure
monitoring has been considered as an early-detection method for undesirable leakage in
underground storage (Sun & Nicot, 2012; Wiese, Zimmer, Nowak, Pellizzari, & Pilz, 2013). For
leaky fault systems, Rahman, Miller, and Mattar (2003) presented an analytical solution for the
fault leakage in a single layer reservoir considering distinct horizontal flow along the fault plane
as well as cross-fault flow. Shan, Javandel, and Witherspoon (1995) introduced an analytical
model to account for vertical leakage through a fault to an upper permeable zone. However, they
ignored the pressure discontinuity across the fault. Zeidouni (2012) presented analytical solutions
of two-layer and multi-layer systems, which demonstrated the pressure discontinuity across the
fault during the vertical leakage. Zeidouni (2016) fully accounted for the lateral resistance of the
fault in all layers of the multi-layer system. Several other studies have investigated the pressure
variations of the fault leakage systems (Anderson, 2006; Chabora & Benson, 2009; Jha & Juanes,
2014; Matthai, Aydin, Pollard, & Stephen, 1998; Ochoa-Gonzalez, Carredn-Freyre, Cerca, &
Lopez-Martinez, 2015).

In this study, we propose pressure interpretation methods for early detection of leakage
from the injection zone to adjacent formations. In these methods, we identify specific types of

leaky pathway by interpreting the pressure signals and estimate the leakage rate and location and



characteristics of those specific leaky pathways. Our approach to design characterization methods
is analytical modeling of the corresponding physical models. Analytical modeling has advantages
over the numerical approach. Numerical approaches are computationally more expensive than
analytical methods. In addition, all the values of system properties are required for a single run of
numerical simulation while the analytical solutions can investigate the systems with unknown
parameter, especially with dimensionless groups. Therefore, the analytical approaches are useful
for inverse modeling to estimate the unknown characteristics of the reservoir during the
characterization methods.

The estimated characteristics can be useful to do the reservoir studies and management
considering the leakage, and evaluate the effect of leakage on the operations regarding the storage
aquifers. It can also be useful to assess the environmental effects of leakage to adjacent formations
and control the consequent contaminations to water resources and atmosphere and make decisions
to reduce these damages.

In chapter two, we propose analytical approach for spatial and temporal characterization
of well leakage and its identification from leaky fault and leaky caprock. The characterization
method is based on the above-zone pressure interpretation to distinguish the specific flow regimes.
Leaky well is identified according to the late-time pressure response while fault and caprock
leakage are identified by the early-time response. Since the early-time responses may not be
detected from a far distance, the concept of radius of investigation is important for the early-time
responses. The late-time response may not be useful to distinguish leaky well from fault leakage.
We propose a method to decrease the arrival time of the pressure response from a linear source.

In chapter three, we develop three analytical approaches for fault leakage characterization

based on the injection zone pressure interpretation. In the first model, the fault conducts fluids to



a high permeability zone. In the second model, we consider the anisotropic permeability in the
fault zone and the above-zone resistance to flow. In the third model, we evaluate the vertical
extension of fault leakage to multilayer system of shallower formation.

In chapter four, we propose periodic pressure method to evaluate inter-reservoir flow
through a weakness in the sealing layer. Since the periodic tests maintain the early-time behavior
during the test, the periodic pressure responses are useful for caprock characterization. Next, we

propose a method to enhance the value of information in a periodic test.



CHAPTER 2. LEAKY WELL

Above-zone (AZ) pressure has been recently investigated for inferring leakage pathway
characteristics in leakage events from subsurface injection operations. The recorded pressure in
the AZ should be purely related to leakage and therefore it can be safely inverted to deduce leakage
characteristics. It is crucial to evaluate fluid leakage through abandoned wells to plan for further
measurements of leakage prevention. However, the recorded AZ leakage signal may not be related
to leaky well(s). Therefore, identification and spatial investigation of well leakage is required for
leakage evaluation. In this chapter, we propose a pressure interpretation method for early detection
of leaky pathways, applying two observation points in the AZ. We distinguish leaky well, fault
and caprock based on their corresponding flow regime identification. We show that the pressure
difference of the two observation wells can be applied as a proxy for unknown leakage rate, which
is crucial for leakage identification as well as characterization.
2.1. Introduction

Several analytical models were introduced to quantify leakage through different types of
pathways. Javandel, Tsang, Witherspoon, and Morganwalp (1988) developed an analytical
solution to model pressure response to a leaky well in a multi-layer system. They considered an
observation well in the injection layer and assumed pressure of the upper layer is constant
throughout. Avci (1994) developed an analytical solution for well leakage to an upper layer
considering the upper layer’s resistance to flow. Cihan, Zhou, and Birkholzer (2011) developed a
multilayer analytical solution for leaky wells. Zeidouni and Vilarrasa (2016) introduced a real time
solution for pressure perturbation due to a leaky well in a two-layer system separated by a
confining layer. They proposed a method to locate the leaky well by considering three observation

wells in the AZ. Zeidouni (2014) presented an analytical solution for well leakage in a laterally



bounded multilayer system. Analytical models were also developed to examine the other leaky
pathways. Leakage through a low-permeability caprock is modeled as diffuse leakage (Cheng &
Morohunfola, 1993; Cihan et al., 2011). Leaky faults are modeled as planar discontinuities in the
reservoir (Anderson, 2006; Shan et al., 1995; Zeidouni, 2012, 2016).

A primary step for leakage characterization is identification of the major leakage pathways
and evaluation of their leakage potential. In this chapter, we first present a characterization
procedure for leaky well system based on the AZ pressure. Location and leakage coefficient of the
leaky well and the leakage rate are estimated considering two observation wells in the AZ. Next,
we extend the leakage identification to distinguish the leaky caprock, leaky fault and leaky well
according to the pressure response. The identification method is based on the diagnostic plots of
the specific flow regimes. The identification and characterization procedures are applied to
example problems for demonstration.

2.2. Methodology

Fig. 2.1 shows schematic of the leaky well physical model. The two-layer system is the
same for the leaky fault and leaky caprock. In leaky fault system, the leaky well is replaced with
the leaky fault. For the leaky caprock, there is a permeable region in the caprock layer instead of
leaky well (Fig. 2.1). The leaky pathway connects the AZ to the injection zone while these zones
are otherwise separated by the confining layer (caprock). In this study, the leakage problem is
thought of as injection into the single-layer AZ through the leaky pathway. In order to identify the
leakage by this approach, we need to apply deconvolution on the AZ pressure because the leakage
rate is time variable. The main challenge is that the leakage rate is unknown and needs to be
determined. Therefore, we need to know how we can apply deconvolution on the AZ pressure data

with respect to the leakage rate, while the leakage rate is unknown. We introduce a proxy for



leakage rate, which can be applied instead of leakage rate for pressure deconvolution. Applying
the deconvolution method, we propose a pressure interpretation method for leakage

characterization and estimation of time variable leakage rate.

Observation Well Leaky Well 7 Injection Well

Above zone kg hq
i n

—

Caprock o ] ] 3

hy

Injection Zone ] k h

Fig. 2.1. Schematic representation of the two-layer system with leaky well.

This schematic applies for fault leakage system with the replacement of the leaky well
with leaky fault. For leaky caprock system, the leaky well is removed and a weakness in the
caprock should be considered.

2.3. Focused well leakage

In this section, we present a characterization method for the leaky well system. We consider
the caprock as sealing and the only possible leakage pathway is the leaky well. The injection well
is fully perforated in the injection zone and the injected fluid is considered identical to the initial
fluid in the two layers. x and B are viscosity and formation volume factor of the fluid and q is the
injection rate. The observation well is located in the AZ at distance p from the leaky well.
Permeability of the leaky well and radii of the injection well and leaky well are denoted by ki, rw,
and r, respectively. h; is leakage interval and R is the distance between the injection and leaky
wells. k, ka, h, and ha are permeability and thickness of the injection and above zones. Subscript a

denotes the AZ. Permeability is constant, homogeneous, and isotropic for each layer. Porosity (¢)

8



and compressibility (ct) of the two layers are identical, constant, and homogeneous. Both layers
are considered infinite acting in horizontal directions. The initial pressure is uniform in the both
injection and above zones. Zeidouni and Vilarrasa (2016) presented a real time analytical solution

for the leaky well system (Equation 2.1).

B R? t)uB 2
Ap,(tp)=— K2 | n| BT G e 2.1)
4z (kh+k,h,) ant )] 4xkh, r..
where:
kahy
o 2kh, “(n, (i) 29
~a(kh+k.h,) r ) Uz (2.2)

Apais pressure change of the AZ, qi(t) is leakage rate as a function of time, a is leakage coefficient
of the leaky well, and « is a constant that can represent the conductivity of the leaky well.  and 7a
are the diffusivity coefficient of the injection and above zones.

rI2k| k ka
M, = 2.3
fu¢acta ( )

“okhh T e,

The pressure difference of two arbitrary points in the AZ (Apa1 and Apa2) based on this analytical

solution is given by:

B
Apal(t!pl)_Apaz(t!pz) :Jﬂln(%Jq| (t) (2-4)

where p1 and p2 are the distances between the leaky well and that arbitrary points. Equation (2.4)
shows that the pressure difference of the two arbitrary points in the AZ (APa1- APa2) is proportional

to leakage rate at any given time (Equation 2.5).

(Apyy(t p) - Ap,, (L p)) o q(t) (2.5)
Winestock and Colpitts (1965) proposed a simple deconvolution method for radial transient

flow while the flow rate variations are smooth. In their method, the pressure is normalized by the

9



time variable rate. We applied this deconvolution method to derive the pressure changes of the AZ
normalized by the leakage rate. Equation (6) is the line source solution for the above zone pressure
applying the Winestock and Colpitts (1965) pressure normalization method. The leaky well is
considered as a line source in the above zone. The above zone pressure is normalized with respect

to the leakage rate in Equation (2.6).

Ap,;(t) uB 4n.t
0 Arkh | o7 )7 (28)

where j denotes the observation points 1 or 2. y is Euler constant that is equal to 0.5772. Comparing

Equations (2.5) and (2.6), we conclude that the pressure difference (APa1 -APa2) can be applied as
a proxy of unknown leakage rate in the deconvolution method to interpret the AZ pressure. We
can normalize the AZ pressure with respect to the difference of pressures measured at two

observation wells in the AZ. Combining Equations (2.4) and (2.6), we obtain Equation (2.7):

iyl €A P
APal(t)/(APal(t)—APaZ(t))_[In(t) In( . D/(zln[pl D 2.7)

We refer to the left hand side of Equation (2.7) as the modified pressure ratio (MPR). The
unknown leakage rate does not appear in Equation (2.7). The pressure variations of a single point
in the AZ cannot be used to identify the radial flow regime, because the leakage rate is time
variable. However, MPR represents deconvolved pressure and therefore can be applied for flow
regime identification. In leaky well system, radial flow caused by well leakage in the AZ can be
identified by zero-slope line on logarithmic derivative of MPR versus time on log-log plot. After
identification of the well leakage, we work on the characterization method. Equation (7) illustrates

that the semi-log plot of MPR versus time is a straight-line (Equation 2.8).

MPR=mIn(t)+b (2.8)
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where m and b are slope and intercept of the straight line. Therefore, we can use the observation
wells’ pressure data to find p1 and p2 by the straight-line fit of MPR versus time on the semi-log

plot (Equations (2.9)-(2.10)).

p,=2\n,e ™7 (2.9)
p, = peddm (2.10)
We derive Equation (2.11) from Equation (2.4) to calculate the leakage rate (qi) using the
observed pressure changes and the estimated distances.

g = 27k, h, (AP, —AP,,)
~
B m(pz] (2.11)

P

Next, we apply p1 and p» to locate the leaky well. The two observation wells and the leaky
well can be assumed as three corners of a triangle (triangle ABC in Fig. 2.2). The distance between
the two observation wells is known and the lengths of the two other sides of the triangle are p1 and
p2. In order to locate the leaky well, we also need to find the angles. According to the basics of the
trigonometry, a triangle can be completely identified if the lengths of its three sides are known.
Therefore, the leaky well can be located. The geometric process is based on the general relationship
between the sides and angles of the triangles. For instance, in triangle ABC (Fig. 2.2):

AB  BC AC
sin(€,) sin(€) sin(@, +46,)

(2.12)

Equation (2.12) can be adapted for all triangles. The complete geometric procedure of locating the
leaky well is explained in details in the Appendix 1. During this procedure, the distance of injection
and leaky well (R) is also calculated, which is required to estimate the leakage coefficient of the
leaky well. The geometrical approach is designed so that at least one of the three points (injection

well and two leaky wells) is off the line connecting the other two points. C’ is the mirror-image
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point of the leaky well, which is at same distances from the observation wells as C. However, the
distance from the injection well to the mirror-image point (R ) is generally unequal to the distance
from injection well to the leaky well (R # R "), because the injection well and the two observation
wells are not located on a single straight-line. Therefore, the pressure changes of the observation
wells would be different if the mirror-image point was the location of the leaky well. Using
Equation (2.1), we can compare the pressure results of these two points (C and C’) and eliminate
the second possible location. In addition, the leaky well may be located by comparing the
calculated distances with those for nearby P&A wells in the field. Nevertheless, this geometrical
approach is required, especially when there are several wells at the relatively identical distances in
different directions, or if the information about the history of well trajectories for the entire field

is not available.

Mirror-image point
o

« a8,

R Obser\'aﬁqn”w’e]lz

Observation Well 1

Injection Well

Fig. 2.2. Schematic representation of the wells in a horizontal plane

In order to estimate the leakage coefficient of the leaky well (@), we need to expand the
single layer (AZ) approach to both layers, because a represents the effective permeability of the

leaky well. It can be investigated only by consideration of the hydraulic connection of the two

12



layers. We apply the real time analytical solution of Zeidouni and Vilarrasa (2016) given by
Equations (1)-(3) to estimate a.

We can directly calculate x at each time by Equation (1) using estimated distances and
leakage rate. The plot of x versus time results in a horizontal line that would be the value of «.
Next, we calculate leaky well permeability (ki) and leakage coefficient («) using Equations (2.2)-
(2.3).

Identification of leaky well from leaky caprock and leaky fault

As mentioned earlier, pressure change in the AZ is not necessarily related to focused
leakage through a well. A local/regional weakness in the caprock and leaky fault are other
possibilities that can lead to leakage and pressure changes in the AZ. If the observed pressure
signals from the AZ are related to the other possible pathways, the pressure interpretation results
are meaningless. Therefore, characterization of well leakage should be preceded by identification
procedure to determine that leakage is actually caused by a focused wellbore leakage. Given the
nature of flow for diffuse leakage and fault leakage events, we extend the pressure interpretation
method to identify diffuse leakage and fault leakage from focused leakage.

2.4. ldentification of diffuse caprock leakage

Fluids are often injected at lower temperature than the host injection zone in the subsurface.
Injection of cooler fluids would make a cold region around the wellbore in the reservoir as well as
caprock, which may lead to caprock damage (Vilarrasa, Olivella, Carrera, & Rutqvist, 2014). As
a result, leakage may occur through a high-permeability region in the caprock close to the wellbore
(Fig. 2.3). The leaky well causes radial flow in the AZ that can be recognized by the zero-slope
logarithmic derivative curve (referred to as derivative hereafter). The caprock leakage would

ultimately show radial flow at late time. However, the early time behavior of caprock leakage is
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different from the well leakage. The early time flow regime caused by a permeable point in the
caprock would be spherical flow (-1/2 slope line at pressure derivative curve), because the pressure
pulses travel in three dimensions from a point source. However, the permeable region in the
caprock layer provide regional leakage, which leads to spherical stabilization (-3/2 slope line).
Similar to well leakage section, we need an alternative for unknown leakage rate to normalize the
AZ pressure response. We extend the application of the pressure difference of the two observation
points as a proxy for diffuse leakage rate. In identification section, we show that the AZ pressure
derivative would reach the -3/2 slope line at early time, after deconvolution with respect to the

time variable leakage rate.

Leaky well Leaky caprock Leaky fault

|
'.'.'.'.'.'.'.'.'.'.'.':E—
T

______

b)

e i R
S

Fig. 2.3. Geometry of leakage pathways in the two-layer system shown in (a) side view, and (b)
top view. The dashed lines show leaky pathways and the gray color shows the caprock layer. The
injection well is shown by black non-perforated section in the AZ and caprock and the dotted lines
that show perforated section in the injection zone.

2.5. Identification of fault leakage

In this section, we extend the identification technique to fault leakage. Leaky fault is a
planar structure that conducts fluid through the planar interface (horizontally and vertically). Fig.
2.4 exhibits the schematic of fluid flow into the fault, inside the fault, and into the AZ. Fluid flow

inside the fault would occur in three directions (x, y, and z) and fault permeability may be different
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in the three directions (see ks, kry, and kg, in Fig. 2.4). A leaky fault consists of a low permeability
core zone bounded by fractured damaged zone. The core zone is made of ground materials, because
it has been the slippage location of the faulted system. Due to the low permeability of the core
zone, fault permeability in perpendicular direction to the fault plane (ki) may be less than the
reservoir permeability. However, fault permeability could be significantly high parallel to the fault
plane (ky and k), due to the high permeability of the damaged zone. The planar interface and
permeability anisotropy of the fault may result in linear flow regimes in the AZ. Later we show

that, we can identify fault leakage based on the flow regime identification with the MPR.

Injection
/ Leaky fault f well

Above zone

|

t

|
LT

Injection
0ne

—
—
—

—
—

Above zone

PELIEEEETEET

Fig. 2.4. Schematic representation of fault leakage from side view (x-z plane) and AZ top view (y-
x plane). Fault leakage shows linear flow geometry in the AZ indicated by red flow lines at the
fault.
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Results and discussion

In this section, we apply the leakage identification and characterization techniques
discussed above. We provide an example problem for AZ pressure interpretation applying the well
leakage characterization procedure. Next, examples for leakage identification of leaky caprock and
leaky fault form the leaky well are presented.
2.6. Well leakage example problem

In this part, we interpret the AZ pressure data for focused leakage characterization. Fig. 2.5
illustrates the synthetic pressure data of two observation points in the AZ of a two-layer system
similar to the system shown in Fig. 2.1. The pressure data are obtained using a commercial
numerical simulation software (CMG, 2015). There are three layers (Injection zone, caprock, and
above zone) discretized to 300000 grid blocks. The maximum size of the grid blocks is 10000
meter and local grid refinement has been done around the wells. The minimum size of the grid
blocks is 0.25 meter. The porosity, permeability, total compressibility, fluid viscosity, and
thickness of both zones (injection and above zones) are 0.1, 10 m?, 10°2° Pa%, 0.0005 Pa.s, and
100 m, respectively. The radius of injection well is 0.1 m and injection rate is 0.05 m3s™. The
corresponding MPR and the logarithmic derivative are shown in Fig. 1.5. The zero slope on the
derivative curve corresponds to the radial flow regime in the AZ. Table 2.1 lists the input
parameters for this example problem. The distance between the two observation wells is 110 m

and distances between observation wells and the injection well are 99 m and 100 m.
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Table 2.1. Properties of the example leaky well system

Parameter Value | Parameter Value
ki (m?) 10° | ¢t (1/Pa) 10710
R (m) 50 | ¢ 0.1
hi (m) 200 | k (m?) 103
r (m) 0.3 | h(m) 100
u (Pa.s) 0.0005 | g (md/s) 0.05
Cta (1/Pa) 1010 | rw(m) 0.1
Pa 0.1 | p1(m) 50
ka (M2) 5x10%4 | pa (m) 100
ha (M) 100 | a 0.0225
1000 1 10

c
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Fig. 2.5. Pressure changes of the observation wells, and the corresponding MPR and MPR

derivative in log-log scale

In order to characterize the leaky well, we apply the semi-log straight-line method for

radial flow characterization. We plot the MPR versus time on a semi-log plot (Fig. 2.6). The

Time (days)

fitted line and the corresponding equation are shown in Fig. 2.6.
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Fig. 2.6. Semi-log plot of MPR. The radial flow is characterized by straight-line method

Next, we can calculate the distances between the leaky well and the observation wells using
Equations (2.9)-(2.10) applying slope and intercept of the fitted line (m = 0.764 and b = 4.597) in
Fig. 2.6 which gives:

p, =486M, p,=93.6MmM

Next, the leakage rate is calculated versus time using Equation (2.11). The estimated
distances of the observation wells show almost four to seven percent error from the actual values.
In spite of this error, the calculated leakage rate is very close to the actual rate because the solution

is very sensitive to leakage rate (Fig. 2.7).
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Fig. 2.7. Leakage rate through the leaky well (Estimated leakage rate is calculated with estimated
location of the leaky well and the modified estimated leakage rate is calculated with the actual
location of the leaky well)

Next, we locate the leaky well by the geometric procedure explained in the Appendix 1.
Following the procedure we can calculate the angles shown in Fig. 2.2: §,=27.62, $1=28.39,
02=56.88, 04,=4.98, p4=48.35

Angle Ssshows the deviation of the leaky well from the injection well (Fig. 2.2). Next, we
estimate the distance R between the injection well and the leaky well:

R=49.38 m

The estimated location of the leaky well is shown in Fig. 2.8a. However, there is a second possible
point (mirror-image point) with respect to the observation wells and calculated p1 and p2 (the gray
point at Fig. 2.8a). The distance from the injection well to the mirror-image point can be calculated
with the similar geometric procedure.

R'=127.2 m

The mirror-image point is located at different distance from the injection well ( R #R ). Therefore,
it can be eliminated by comparing the actual above zone pressure response with the case that the

leakage is occurring through the mirror-image point. We make this case by applying the estimated
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parameters to Equation (2.1). The calculated distance between injection and leaky well (R) is 49.38
m, which shows almost two percent error (The actual value is 50 m). Fig. 2.8 shows the estimated

location of the leaky well compared to the actual location.

*,
) R 5m
Observation well 2 Mirror-image point
Q\___‘ 1272 m
TN T .
S . 6 m
100 m™, 110m ™
100m ! O
\‘\:“~‘93_6m \
U g?r’“-‘ i Observation well 1
O S0
.";:,;'ii:‘i— MmN @4 Estmated location
------------------------------------- ’ of leaky well
“\ 50m
Injection well \
Leaky well

Fig. 2.8. Estimated location of the leaky well (red solid circle) compared to the actual location
(blue solid circle). The mirror-image point is shown by the gray solid circle.

Although the estimated leakage rate is close to the actual value, we can still modify it to
achieve higher accuracy. We can compare the estimated location of the leaky well with the
locations of the existing abandoned wells in the field. If we find the leaking abandoned well, we
can apply the actual location of the leaky well to modify the estimated leakage rate. In this
example, we use R=50 m instead of 49.4 m as well as p1=50 m and p>=100 m (instead of p1=48.6
m and p>=93.6 m) to calculate qi. Fig. 2.7 illustrates that the modified estimated leakage rate is
closer to the actual leakage rate than the initially estimated leakage rate.

After locating the leaky well, we can estimate the hydraulic characteristics of the leaky
well. The estimated x constant is 27.3. The calculated leakage coefficient is @=0.0217 by r;=0.3

m, which shows almost four percent error from the actual value («=0.0225).
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2.6.1. Identification from diffuse leakage

In this section, we show an example of AZ pressure response corresponding to caprock
leakage to distinguish focused well leakage from diffuse caprock leakage. The spherical
stabilization behavior of diffuse leakage at early time can be used to differentiate it from well
leakage response, which is associated with radial flow. All the properties of the injection and above
zones are identical to those given in the leaky well characterization example (Table 2.1). A high-
permeability weakness of 4x4 m? is introduced in the caprock centered at the location of the
injection well. The porosity and permeability of this region are 0.05 and 1072 m? respectively.
Numerical simulation results show that the simulated normalized pressure in the permeable region
of the caprock layer is constant (results not shown here for brevity). Therefore, the permeable
region of the caprock acts as a constant pressure boundary and causes spherical stabilization in the
AZ. Fig. 2.9 illustrates the simulated pressure (CMG, 2015) in the AZ, which is normalized by the
leakage rate. The derivative slope is -3/2 corresponding to the spherical stabilization of diffuse
leakage. The number of grid blocks are 300000. The maximum size of the grid blocks is 10000
meter and local grid refinement has been done around the well. The minimum size of the grid

blocks is 0.1 meter.
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Fig. 2.9. Pressure response of AZ at r=2.25 m normalized by the leakage rate. The -3/2 slope line
on the derivative curve shows the spherical stabilization during the early time of diffuse leakage.

Two observation points are considered in the AZ: the first one is at the location of the
injection well and the second one is located at 10-m distance from that the injection well. Fig. 1.10
shows the MPR derivative of two observation points in the leaky caprock system. The negative
slope of the derivative curve corresponding to the non-radial flow is the sign of diffuse leakage. If
there was no upper boundary in the AZ (i.e. AZ thickness was infinite), spherical stabilization
would have been fully established showing a -3/2 slope on the derivative plot. However, given the
finite thickness of the AZ, the spherical stabilization may be terminated before being felt by the
farther observation point. Therefore, a negative slope will be observed with magnitude less than

3/2 (Fig. 2.10).
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Fig. 2.10. MPR derivative of leaky caprock system. The negative slope line illustrates the diffuse
leakage.

2.6.2. Fault leakage identification

In this section, we provide an example for identification of leaky fault using the
deconvolution method. We simulated the two-layer fault system similar to Fig. 2.1 and replaced
the leaky well with a vertically leaking fault. The properties of the fault system are identical to the
properties that we used for leaky well and leaky caprock system (Table 2.1). Leaky fault acts as a
discontinuity in the system with different permeabilities in three directions. kx=10" m? k=10
m? and k,,=10""* m?are fault permeabilities in x, y, and z directions (see Fig. 2.4). Fig. 2.11 shows
the MPR of the simulated pressure data of two observation points and the corresponding derivative.
The 1/2 slope line of the derivative curve in Fig. 2.11 indicates the linear flow caused by the leaky

fault. The distances of the two observation points are 50 m and 100 m from the leaky fault.
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Fig. 2.11. MPR and the corresponding derivative for leaky fault system. The one-half slope line
shows the linear flow of fault leakage.

Next, we investigate the minimum fault conductivity required to reach the linear flow
during fault leakage to the AZ. We define fault conductivity in y-direction (see Fig. 2.4) as below:

k. w
a, = fIZRf (2.13)

where wys is the fault width and R is distance from the injection well to the fault. Therefore,
ay is equal to 40 in Fig. 2.12. We simulated the fault system with different values of ay. Fig. 2.12
illustrates that the linear flow of the fault leakage would occur when oy is 40. The derivative line

slope is between zero and one-half for smaller values of ay.
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Fig. 2.12. Effect of fault horizontal conductivity through the fault plane (ay) on the MPR of the

two observation points in the AZ. The solid line is the MPR and the slotted line is its derivative
(k=108 m? and k=101t m?). Other system properties are identical to Table 2.1.

2.7. Increasing the radius of investigation in pressure testing

Radius of investigation (ROI) is a basic concept in pressure transient analysis, which is
applicable to estimate distance to a specific structure in the reservoir (e. g. a fault), drainage area,
hydrocarbon in place, and examine multi-fractured horizontal wells. The concept of ROI is
consistent for radial flow regime. However, there is not a reliable method to explain ROI for linear
flow, yet. In this section, we present an approach to increase the ROI for a linear source. We aim
to significantly reduce the duration of test for a linear source. This approach will be useful for
distinguishing fault leakage from well leakage from large distances. The linear flow regime of
fault leakage happens at early time. If the observation points are not close enough to the linear
source, the early-time linear signature of fault leakage would end before being reached to the
observation wells. Another important application of linear flow is multi-fractured horizontal wells.
Due to the low permeability of the shale reservoirs, the linear flow regime last for a long time.
Increasing the ROI can significantly reduce the duration of pressure testing for reservoir

characterization.
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We provide the solutions for a constant rate and constant pressure linear source. Next, we apply
different conditions for the linear source by convolution method to increase ROI.
2.7.1. Constant Rate

Diffusivity equation:

O*Ap(y,t) _ 1 0Ap(y,t)
>  n (2.14)
Initial condition and boundary conditions:
_g  9Ap(y,.t) _ quB  2Ap(y,.t)
Ap(y,0)=0, wt) : =0
p(y.0) ke, Y (2.15)
Dimensionless variables:
_khdp ot Y
° = B’ t, = %2 Yo = X, (2.16)
Dimensionless form of the equation:
82 pD(yD’tD) apD(yD’tD)
= 2.17
oo ot, @17)
pD(yDvO) =0
9Po Yuo:to) _ 4
Np (2.18)
P Yo 1) _
¥p
Next, we apply Laplace transform to time:
0" Po(¥o,S) _
— 5= (¥p:9)
oy’ e
aﬁD(wa’tD) 1
—_—m = —— 2.19
¥p S (219
a5D(yeD’S) :0
Np
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Solution:
ﬁD (yD ) S) = (:lein\/g + CzeyD\/g

Next, we apply boundary conditions:

—JsCe 0" 4 \fsC et ==

__\/gc:le_yeD\/g +\/§CZeyeD\/§ =0

Solution:

cosh (Yo — Yo s
ss sinh (.o — Yoo Vs )

ﬁDu(yD’s) =

2.7.2. Constant Pressure
Diffusivity equation:

82 pD(yD ’tD) — apD(yD ’tD)
oYy’ Aty

pD(yD’O) =0

pD(tD’ wa) =1

apD(yeD’tD) :0
Yp

Next, we apply Laplace transform to time:

P (¥p.S)
gy—DzD:spD(yDis)
_ 1
pD(toiwa):;
0o (¥eorS) _
Vo
Solution:

ﬁD (yD ) S) = C:|-e7yD\/g + CzeyD\/g
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Next, we apply boundary conditions:

1
Cle_wa‘/g + Czewa\/g — g

(2.27)
—JsCe ¥ 1 fsC,e =0
yeD‘/g *YD\E —YeD\/g }’D\/g
Bo(You8) =2 oo *€ "¢ (2.28)
S eyeD\/ge_wa‘/g +e_yeD\/§ewa‘/§
Solution:
_ ( S) 3 eZYeD\/§+wa\/§e_YD\/§ + eYWD‘/geyD\/g
pr yD! - S(ez*/gyeD +e2\/§ywo) (229)
_ Cosh((y.o — Yo)Vs )
pr(yD’S) = (2.30)

sCosh( (Yo = Yuo VS |

2.7.3. Using Duhamel’s theorem to relate constant-rate and constant-pressure solutions
From superposition:
pou can be estimated using this equation to examine whether the constant rate solution

was correct. Based on the constant rate solution:

o cosh((eo ~ o )VS)
e Sinn ((Yep — Yo VS

(2.31)

Therefore:

_ Cosh((yo - Yo)VS) -
T VR (v~ ,0) 5] .

This equation (as expected) is the same as the constant rate solution showing that solution was

correct. We derive the constant pressure solution from the following convolution.
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Po =S0,p Poy (233)

We calculate the well flow rate for constant pressure well:

— _ dﬁD| _ Sinh((yeD - wa)\/g) (2 34)
wD .
dYs |, Vs Cosh( (Yo~ Yuo N5 )
We can apply qwp to obtain constant pressure solution from p, =sq,, Py,
_Sinh((Yo -~ YuolVS)  Cosh((eo ~Yo)VS)  Cosh((y Yo )Vs) 235)

P =" s Cosh ((yeD - wa)\/g) s\/ssinh ((VED - wa)ﬁ) sCosh( (3o - wa)\/g)

This equation is the same as the constant pressure solution as expected.

2.7.4. Increasing ROI for various injection functions

In this section, we compare different wellbore conditions to investigate the arrival times of

the pressure signals to the boundary of the closed system. We apply the equation Py =SP,,Pp, t0

obtain rate normalized pressure (RNP). Figure below shows the RNP (solid line) and its derivative

(slotted line) for the constant bottom-hole pressure condition. The arrival time is about tp=0.01.
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Fig. 2.13. Rate normalized pressure and derivative for constant bottom-hole pressure

Figure below shows that the arrival time is about tp=0.01 for linear bottom-hole pressure

condition.
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Fig. 2.14 Rate normalized pressure and derivative for linear bottom-hole pressure
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Next, we examine the logarithmic bottom-hole pressure condition and the arrival time is
still about tp=0.01.

1000

100

——RNP
————— Derivative

RNP and derivative

Fig. 2.15. Rate normalized pressure and derivative for logarithmic bottom-hole pressure

We aim to find a well pressure condition that increase the radius of investigation (ROI).
Therefore, the arrival time should be shorter in the favorite condition. Next, we investigate the

sinusoidal bottom-hole pressure (sin(wt)). Figure 2.16 shows RNP of sinusoidal pressure for o=1.
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Fig. 2.16. Rate normalized pressure and derivative for sinusoidal bottom-hole pressure (w=1)

Figure 2.17 shows RNP of sinusoidal pressure for w=2.
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Fig. 2.17. Rate normalized pressure and derivative for sinusoidal bottom-hole pressure (w=2)

Fig. 2.18 shows RNP of sinusoidal pressure for »=0.5. Results show that the arrival time

for sinusoidal bottom-hole pressure is about tp=0.01.
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Fig. 2.18. Rate normalized pressure and derivative for sinusoidal bottom-hole pressure (v=0.5)

Next, we investigate the quadratic function for bottom-hole pressure variations
(pwo=a.to?+b.tp+c). Figure below shows RNP derivative for the quadratic pressure (b=1, c=1).

Figure below shows that the arrival time is significantly shorter for larger values of a.
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Fig. 2.19. Rate normalized derivative for quadratic bottom-hole pressure (b=c=1)

Next, we modify the coefficients of function pwo(to)=a.tp?+b.tp+c to adjust them to field
scale. The reservoir permeability, porosity, and thickness are 0.001 mD, 0.1, and 200 ft. Fluid
viscosity is 2 cp, formation volume factor is 1.2 bbl/STB, and total compressibility is 6.89e-6 psi-

! Figure below shows the bottom-hole pressure variations for b=c=0.0001.
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Fig. 2.20. Quadratic bottom-hole pressure change

Fig. 2.21 shows the RNP derivative for the quadratic bottom-hole pressure shown in above
figure. The boundary dominated flow is stablished in less than 10 hrs for a=1. While the above
figure shows that the bottom-hole pressure variations is less than 1000 psi for a=1 after 10 hrs.
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Fig. 2.21. Rate normalized pressure derivative for quadratic bottom-hole pressure (b=c=0.0001)
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Next, we compare the quadratic pressure variations with the higher order function. Fig.
2.22 shows the RNP derivative for 3" order polynomial function (pwpo(tp)=a.to®+ b.tp?+c.tp+d),
respectively. Figure 2.22 shows that the variations of a for 3™ order function (pwo(tp)=a.tp’+
b.to?+c.to+d) can reduce the arrival time but not as much as the quadratic function (Fig. 21). The
blue curve in figure below shows that the arrival time is significantly reduced by increasing b
coefficient (the coefficient of tp?). Therefore, the best function to reduce the arrival time is the

quadratic function.
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Fig. 2.22. Rate normalized pressure derivative for 3 order polynomial bottom-hole pressure
(b=c=0.0001)

Next, we design a test with quadratic pressure variations with a=100, b=0.0001, and
¢=0.0001. Fig. 2.23 shows the pressure variations and flow rate of this case after 20 hrs of test.
Figure below shows the bottom-pressure and production rate. The reservoir initial pressure is

10000 psi.
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Fig 2.23. Bottom-hole pressure and well flow rate for the example problem

Fig. 2.24 shows that the arrival time is less than 0.1 hour.
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Fig. 2.24. RNP for example problem

2.8. Summary

In this chapter, we proposed a characterization method for the focused leakage through a
leaky well applying the pressure changes of two observation points in the AZ. Identification of
focused well leakage, caprock, and fault leakage is performed based on the diagnostic log-log plot

of pressure derivative versus time. Because of time variability of leakage rate, pressure response
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deconvolution is required to enable using the pressure derivative for leakage identification. We
applied deconvolution to the AZ pressure with respect to the leakage rate. We applied the pressure
difference of the two observation points as a proxy of unknown leakage rate to design the
deconvolution process. The consequent derivative curve for diffuse leakage shows spherical
stabilization (-3/2 slope derivative line) while that for focused well leakage shows radial flow
characterized by zero-slope derivative. The spherical stabilization may not be fully established
because the pressure pulse reaches to the top boundary before reaching to the farther observation
point. In such a case, the derivative slope line would show a negative slope lower than 3/2 in
magnitude. Next, we extended the identification process to fault leakage. Results show that the
leaky fault causes linear flow with one-half slope line. The one-half slope line would occur if the
along-fault conductivity (ay) is sufficiently high. The derivative slope would be between zero and
one-half for smaller values of ay. For leaky well characterization, we estimated the location of the
leaky well with semi-log straight-line method. Results show that the estimated location is close to
the actual location of the leaky well. Next, we calculated leakage rate and leakage coefficient of
the leaky well, which are in good agreement with the actual values. The identification and
characterization procedures in this study are fast and straightforward without the need for
optimization procedures that can be computationally expensive. We showed that the quadratic
pressure variations can significantly increase the radius of investigation from a linear source. This

fact reduces the arrival time for identification of the linear source.
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CHAPTER 3. LEAKY FAULT

A fault is a potential pathway for fluid leakage, which can contaminate underground water
resources. This chapter aims to develop an analytical method for fault leakage characterization
both laterally and vertically using pressure transient analysis. In this chapter we develop analytical
models to assess the pressure transient perturbations corresponding to production/injection
from/into a reservoir with a leaky fault. Displacement of layers during the fault displacement may
cause alteration of the reservoir properties across the fault. This alteration is accounted for by
considering different properties on the two sides of the fault. The reservoir is divided into two
regions separated by the fault, which are in hydraulic communication with one another and with
the overlying/underlying permeable layers.
3.1. Introduction

A fault can cause a discontinuity in formation permeability distorting the fluid flow, and
may act as a conduit to both lateral and vertical fluid flow. Fault zone permeability may be
enhanced or reduced depending on the forces that cause the displacement of the layers and slip
location through the fault plane (R. Sibson, 1977). Faults are generally composed of a core zone
surrounded by a damaged zone. The permeability of the core zone is commonly low because this
is the location of the slip that the original rock is ground. Compared to the core zone, the
surrounding damaged zone’s permeability may be enhanced due to possible fractures (Caine et al.,
1996; R. Sibson, 1977). Analogous to the lateral permeability, the vertical permeability of a fault
may be enhanced and the fault may be a vertical flow conduit (Maslia & Prowell, 1990). As an
example, Bense and Person (2006) investigated the sealing and conductance behaviors of the
Baton Rouge Fault in southern Louisiana and showed that the permeability of the fault is enhanced

through the fault plane. They also found that the fault permeability is considerably low
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perpendicular to the fault plane. The existence of faults in underground formations can cause inter-
formational fluid migration, particularly affecting water resources (Huntoon & Lundy, 1979).
Stoessell and Prochaska (2005) showed that brine from deep saline aquifers migrated upward along
the Baton Rouge Fault by several hundreds of meters.

In this chapter, we investigate lateral and vertical characterization of leaky faults based on
the pressure transient analysis (PTA). PTA is an applicable technique to characterize the hydraulic
characteristics of the reservoirs, which is based on mathematical modeling of fluid flow in porous
media. Many works have been done about pressure interpretation for leakage characterization. The
main goal of this study is to present type curves for fault characterization and demonstrate how
they can be used to uniquely determine the fault lateral and vertical conductivities. Analytical
modelling of vertically and laterally leaking fault can be complex due to large number of variables
related to properties of the fault, reservoir, and overlying/underlying zones connected to the
reservoir by the fault. In obtaining the analytical solution, we build on an existing analytical
solution by Zeidouni (2012). We also account for possible layer juxtaposition across the fault by
assigning different reservoir properties to each side of the fault.

Analytical models are especially useful because of their independence of time and space
discretization, capability for quick implementation, providing an explicit relationship between the
system properties/measurements, and less complex models requiring fewer input of data. Several
mathematical methods were used to present analytical solutions for fluid flow in a system
including a fault as a discontinuity. Integral transforms (Bixel, Larkin, & Vanpoollen, 1963),
Laplace-Fourier transformation (Ambastha, McLeroy, & Grader, 1989), and Green’s function
(Raghavan, 2010) are examples of the mathematical solution methods. Analytical approaches to

modeling a faulted system are reviewed in the following.
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Bixel et al. (1963) investigated the transient pressure behavior of a well located near a fault
and proposed an analytical solution based on the integral transforms. Stewart and Gupta (1984)
investigated interference testing in a reservoir including a non-sealing fault and introduced
drawdown type curves using numerical simulation approach. The pressure discontinuity across the
fault was shown by Yaxley (1987). He obtained an analytical solution for pressure transient
behavior of a vertical non-sealing barrier. In his solution, the pressure interferences between wells
separated by the fault were investigated for a reservoir with infinitely long dimensions and a
constant-rate well. He presented type curves to calculate the conductivity of the fault from
interference test, which may require long testing time. He suggested that a solution for drawdown
at the active well can be useful to find the conductivity of the fault. The reservoir properties on
both sides of the fault were assumed identical. Ambastha et al. (1989) assumed different reservoir
properties at two sides of the fault and derived analytical solutions for pressure-transient behavior
of a constant-rate well. They demonstrated that the results of the interference tests are influenced
by the property contrasts of the composite system and the location of the observation well. Rahman
et al. (2003) presented an analytical solution to the transient flow problem of a well located near a
finite conductivity fault in a two-zone reservoir. The solution accounts for the transient flow within
the fault. They concluded that the effect of transient flow in the fault can be negligible.

Modeling of the vertical leakage through the fault to shallower zones has received attention
more recently. Shan et al. (1995) incorporated the effect of vertical fluid leakage to an upper
permeable zone and suggested an analytical model of vertical flow through the fault. However,
they ignored the pressure discontinuity through the fault in the injection layer. Zeidouni (2012)
presented analytical solutions of two-layer and multi-layer systems, which demonstrated the

pressure discontinuity through the fault in presence of vertical leakage. Zeidouni (2016) extended
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the multi-layer solution for a leaky fault by fully accounting for the lateral resistance of the fault
in all layers. Many other works have been done to address fluid leakage from a target zone
(Birkholzer, Zhou, & Tsang, 2009b; Ebigbo et al., 2007; Mosaheb & Zeidouni, 2017a, 2017b;
Pruess, 2005; Shakiba & Hosseini, 2016; Zeidouni & Pooladi-Darvish, 2012).

In this chapter, we develop two analytical methods for fault leakage characterization. First,
we ignore the flow resistant of the above formation. In second model, we consider the resistance
of the above formation as well as the anisotropic flow inside the fault zone.

3.2. Fault leakage to a high permeability zone

In the following, we first present the physical system followed by corresponding analytical
model. The analytical solution is verified against numerical simulation results. The analytical
solution is cast in the form of type curves to be used in fault characterization. Due to the large
number of dimensionless groups obtained by the analytical solution, the system cannot be fully
characterized using the type curves alone. Therefore, we present a computational optimization
method in combination with type curves to fully characterize the reservoir-fault system. Our
approach is based on estimating the dimensionless parameters that describe the hydraulic
properties of the fault and the altered region on the other side of the fault. Finally, we apply our

proposed method to two example problems to characterize leaky faults.

3.2.1. Analytical model

For the physical system to be modeled, the target zone is separated into two regions (region
1 and region 2) by a vertical planar fault. Region 1 is on the side of the fault where the active well
is located and region 2 is on the opposite side of the fault (Fig. 3.1). Because of possible
displacement of the layers on the two sides of the fault plane, the thickness and reservoir properties

of region 2 may be different from those of region 1. The reservoir properties are homogeneous and
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isotropic at each region. The y-axis is horizontal and perpendicular to the x-axis. The active well
is assumed to be a line source/sink and is perforated over the whole thickness of the reservoir at
x=a and y=0 in the target zone. The reservoir is initially saturated with a single-phase fluid and
the injected fluid is the same as the initial fluid. Both the upper zone and the target zone are infinite
at both sides of the x and y axes. The fault plane is perpendicular to the x-axis, and it is located at
x=0. The fault allows flow communications between region 1, region 2, and the upper zone. The

horizontal and vertical permeabilities of the fault are considered constant.
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Fig. 3.1. Schematic representation of the physical model

The diffusivity equations for regions 1 and 2 make a system of two linear differential
equations. The pressure change of the upper zones is negligible because the flow capacity of that
zone is assumed to be large. Equations (3.1)-(3.10) represent diffusivity equations of regions 1 and
2 and the corresponding initial and boundary conditions:

Region 1:

0 Ap, N 0*Ap,
aXZ ayZ

qu 1 0Ap,
——o(x—a)o(y)=——"
o S s(y) "

(3.1)
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Ap, (X, 20,t) =0 (3:3)
Ap,(+o0,y,t) =0 (3.4)
kh 6Ap,(0,y,t)  Kyh KW

K AR 0.Y.0 _ &l x5 (0,y,1)— Ap,(0,y,t)) + <0 (A, (0,y.1) (35)
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Region 2:

0’Ap, 0°Ap, _ 1 dAp,

o~ " o~ _na - (3.6)
Ap,(X,y,0)=0 (3.7)
AP, (X, £0,t) = 0 (3.8)
Ap, (-, y,t)=0 (3.9)
k,h, 0Ap,(0,y,t) KyW Kyh

ol 080,009, L BT r 0,9,) =~ (Ap, (0, y,) ~ Ap, 0, 1) (3.10)
U OX 2ul MW

where L is half thickness of the above zone. The system of partial differential equations
and the corresponding initial and boundary conditions (Equations 3.1-3.10) are simplified to a
system of ordinary differential equations using a combination of Laplace and Fourier transforms.
Equations (3.11)-(3.12) state the sequence of applying Laplace and Fourier transforms to time and

space domains:

Ap(x,y.5) = L [Ap(x, y,)] = [ Ap(x, . t)e~"dt (3.11)

Ap(x,,9) = F [Ap(x,,9)] = [ Ap(x, y,s)e"dy (3.12)
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where s and w are Laplace and Fourier transform dummy variables, respectively. Equations

(3.13)-(3.14) provide the final solution of the pressure distribution at region 1 and region 2,

respectively in dimensionless form (the solution details are given in Appendix 2). The Laplace-

Fourier domain is shown by = on the pressure change (Equation (3.12) ) and dimensionless

pressure (Equations 3.13-3.14).

1 (eﬂxoﬂ + Ala — Aiau — 2aau _auz + AiAZTD B AZTDa B AZTDau) e*Ai(XDJrl)

2sA Aa+Aa, +2aa, +2a, + AAT, + AT a+ AT,
Pow =2 -
P2 s | Aa+Aa, +2aa, +2a, + AAT, + AT a+AT.a,
where
kh kh n X y
lezﬁAFﬁ’ poz—aApz’tD_g’XD:g’yD:g
kfh(h+ha) (khj kaWf (kh)
a=| —— — |, a6 = -
2w, a ‘ 2L a
kaha a
TD = kh 1 77D = 77_

S
/6&226()24—51 A22:w2+_
Mo

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

wr, ki, and km are the fault width, fault vertical permeability, and fault horizontal permeability,

respectively (Fig. 3.1). « and oy are dimensionless horizontal and vertical conductivities of the

fault and tp is dimensionless time. Tp and #p are flow capacity and diffusivity ratios, respectively.

The solution must be inverted from the Laplace-Fourier domain to time-space domain. Analytical

inversion of the solution to a closed-form solution in the time-space domain is difficult. Therefore,

numerical Laplace and Fourier inversion methods are used to obtain the solution in time-space
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domain. Stehfest algorithm (Stehfest, 1970) is used for Laplace inversion and the Inverse Discrete

Fourier Transform (IDFT) is used for Fourier inversion.

3.2.2. Verification of the analytical model

The analytical solution is verified by comparison of spatial and temporal variation of the
pressure with the numerical simulation results (CMG, 2015). There are three layers (Injection
zone, caprock, and above zone) discretized to 300000 grid blocks. The maximum size of the grid
blocks is 10000 meter and local grid refinement has been done near the well and the fault zone.
The grid discretization is three dimensional. The minimum size of the grid blocks is 0.1 meter. We
consider a=1, ay=0.12, Tp=1, and np=1. According to the analytical model, these values of
dimensionless parameters show the capability of fault for lateral and vertical leakage and alteration
of the reservoir properties at region 2 due to displacement. In dimensional terms (corresponding
to the dimensional values), the width of the fault is 0.1 m, the porosity is 0.2, total compressibility
factor is 1x10°° 1/kPa, and rate of injection is 0.005 m®/s. The reservoir thickness and permeability
of region 1 are 10 m and 10 mD, respectively. Fault lateral and vertical permeabilities are 0.01 mD
and 5000 mD, respectively. The system specifications are given in Table 3.1. Fig. 3.2 exhibits the
pressure distribution on the line drawn through the well perpendicular to the fault plane. The lateral
pressure discontinuity is visible across the fault, which shows that the lateral permeability of the
fault is less than the reservoir permeability. Fig. 2 illustrates that the analytical solution is in good
agreement with the numerical simulation at both regions 1 and 2. If there is no lateral leakage, the
pressure in region 2 remains constant (at initial pressure). Fluid leakage across the fault causes
pressure changes in region 2. Therefore, the pressure gradient along region 2 shown in Fig. 3.2

(from x=-100 to x=0) is a sign of lateral leakage through the fault.

46



12000

10000 -

8000 -

6000 -

Pressure (kPa)

4000 -

2000

* Numerical simulation
Analytical solution

Injection Well

Fig. 3.2. Validation of the spatial pressure distribution in the injection zone after 10 days.

50 100 150 200
Distance (m)

Fig. 3.3 illustrates good agreements of pressure and logarithmic pressure derivative

(referred to as derivative hereafter) between analytical and numerical simulation. The verification

of the pressure derivative is important because the characterization method to be presented later is

based on the pressure derivative curves.

Table 3.1 Reservoir properties

Parameter Value | Parameter Value
Effective width of the fault (m) 0.1 Viscosity (cp) 0.5
Lateral permeability of the fault (mD) 0.01 Injection rate (m3.s%) 0.005
Vertical permeability of the fault (mD) 5000 Porosity (fraction) 0.2
Target zone thickness (m) 10 Total compressibility (1/kPa) 106
Fault-well Distance (m) 100 fault vertical conductivity , au 0.12
Permeability of region 1 (mD) 10 fault lateral conductivity , a 1
Permeability of region 2 (mD) 10 Diffusivity ratio , #p 1
Permeability of upper layer (mD) 10 Flow capacity ratio , To 1
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3.2.3. Fault characterization

In this section, type curves are introduced for characterization of the leaky fault modeled
in previous sections. Type curves are generalized and adjusted in terms of dimensionless variables,
which make them applicable to the corresponding system. Based on the analytical solution
(Section 3), the reservoir-fault system can be characterized by four groups: Fault lateral and
vertical conductivities, reservoir flow capacity ratio, and diffusivity ratio. These four groups are
represented by dimensionless parameters: a, au, To, and #p, respectively. We use the analytical
model to provide type curves in terms of dimensionless parameters of the leaky fault system. Next,
we present a characterization procedure based on the type curves.
3.2.4. Type curves

Fig. 3.4 illustrates the type curves corresponding to the leaky fault system in terms of fault
lateral («) and vertical (ay) conductivities for Tpo =xyp=1. In these curves, the variations of the

dimensionless bottom hole pressure of the injection well and its derivative are illustrated. We refer
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to type curves of Fig. 3.4 as the base type curves. The type curves are grouped for various values
of ay. At each group, a varies from zero to infinity. The negative unit slope line of the logarithmic
derivative curves in Fig. 3.4 shows the existence of the fault in the reservoir. Rahman et al. (2003)
showed this negative unit slope line for different cases of fault leakage. The negative unit slope
line would occur before appearance of flow resistance from the overlying/underlying zone unless
the flow capacity of that zone is high enough. Using these type curves, hydraulic characteristics of
the fault can be estimated with the well pressure data without detecting any resistance from the
overlying/underlying zones.

A well pressure data corresponding to unique values of « and ay would match with a unique
type curve. In finding the matching type curve, ay is easier to obtain from late time pressure data
while parameter a is easier to estimate using early time data. Implementing this technique of using
the early time and the late time data separately can help in resolving the choice of intermediate
values of a and ay. In other words, for two close values of ay, the two corresponding groups of
type curves may be very close to one another at late time, but the two curves should deviate from
each other at early time making it easy to recognize which one belongs to which group. If two
curves of two different groups of ay are very close to each other at late time so that both match the
given data, the early time curvature will be different for the two type curves and therefore, can be
used to distinguish between them. In addition, two curves with too close values of « and different
values of ay may be close to each other at the early time. Then, their late time deviation can be
used to determine the correct type curve. In short, there is a unigue type curve for each combination
of ay and o which should be easy to distinguish from the other curves. In addition, the point when
deviation from the radial flow (the zero-slope derivative line prior to reaching the fault) would

commence are useful to find the best matching type curve.
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Fig. 3.4. Type curves of the leaky fault system considering Tpo=1 and np =1

In order to use these type curves, the well pressure data should be plotted versus time in
the same scale as the type curves on a transparent plot. The resulting plot should be next moved
horizontally and vertically (without rotation) to find the best match with the type curves to estimate
a and ay. In addition to o and ay, region 1 permeability and fault-well distance can also be evaluated
based on the radial flow prior to reaching the fault. By selecting an arbitrary match point, we get
(po)m, (Ap)m, (t)m, and (to)m of that match point to calculate region 1 permeability (k) and fault-

well distance (a) based on Equations (3.19) and (3.20).

qu| Pp
k=" 22
/ [Aij (319

a= n[tij (3.20)
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One observation from these type curves is that 2 to 3 log-cycles of data may be required
for identification of the fault characteristics. This implies that if the fault is felt after 1 hr test, 100
to 1000 hrs of test may be required to enable characterizing of the fault.

The type curves can be extended to determine Tp and #p as well. Fig. 3.5 illustrates the
effect of Tpand #p on the pressure and pressure derivative for a fixed value of o (=0.1). The effect
of Tpand #p is most visible at the lowest values of ay. Similar patterns are achieved for different

values of a.
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Fig. 3.5. Effect of Tpand #p on the type curves

Fig. 3.5 shows that by increasing au, the sensitivity of the pressure derivative curve to the
parameters Tp and #p will decrease. In the following, we introduce a procedure to estimate the
dimensionless parameters. First, initial values of a and ay are estimated by the base type curves.
Next, an optimization method is applied to find the accurate values of the dimensionless
parameters using the initial values obtained from type curve analysis. We use the MATLAB built-

in optimization tool given by the fmincon optimization function. This function is based on a
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sequential quadratic programming, which is a gradient-based algorithm (2015). Here, fmincon
optimization is applied to minimize the square of the difference between well pressure data and

the mathematical solution by changing the four dimensionless parameters.

3.2.5. Characterization procedure

In characterization procedure, first, we estimate the initial values of a« and o, from the type
curves. Next, we calculate the values of permeability and fault-well distances using Equations
(3.19) and (3.20). In the optimization process, first, we use the late time pressure data to modify
the estimated initial value of ay. We fix a, Tp, and #p at the initial values and modify oy to find the
optimum value of ay starting with the estimated initial value. Next, we run the optimization process
using the early time data to modify the value of o while the values of aw, Tp, and #p are fixed. After
that, we apply the optimization process to modify a and ay simultaneously using the whole pressure
data.

As a final step, we apply the optimization process to modify the values of Tp and #p while
a and ay are fixed. The initial values of Tp and #p can be considered equal to 1. This step is done
by the late time data because Tp and zp have a negligible effect on the early time data. This
sequential procedure improves the optimization process compared to optimizing all four
dimensionless parameters simultaneously using the whole the pressure data. This optimization
procedure can also be used in the case that To=#p=1 to remove the possible errors. In this case, the

final step is not required. The characterization procedure is summarized in Fig. 3.6.
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Fig. 3.6. Characterization procedure of the leaky fault system

3.2.6. Results and discussion

In this part, two examples are presented to estimate fault characteristics by the type-curve
method using the procedure described in the previous section.
Example 1: No alteration of reservoir properties across the fault

In this example, we analyze the well pressure data of an injection well near a fault. The
permeability, porosity, total compressibility, and thickness of the target zone at both sides of the
fault are respectively 100 mD, 0.1, 10 1/kPa, and 10 m. The flow capacity of the upper zone is
large enough compared to the injection zone. The injection rate is 0.005 m3.s™* and fluid viscosity
is 0.5 cp. Fig. 3.7 shows the synthetic well pressure data and pressure derivative of the first
example in which « and ay are considered 1 and 0.3, respectively. These values correspond to 62
D and 0.1 mD for vertical and horizontal permeabilities of the fault considering a 0.1-m wide fault.
Fluid leakage through the fault can be inferred from the derivative curve. If the fault is sealing, the

pressure derivative becomes zero-slope after departing from the zero-slope corresponding to initial
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radial flow (Fig. 3.8). The late time horizontal line in Fig. 8 exhibits the pressure response of a
sealing fault in which a and ay are equal to zero.

The pressure data and the derivative are required on a plot with the same scale as the type
curves for type-curve matching. Fig. 3.9 shows the type curve that best agrees with the pressure
data. Corresponding values of « and oy are estimated for the fault. The estimated values of « and
ay are 1 and 0.3, which are the true values used in generating our synthetic data. By selecting an
arbitrary match point and using equations (3.19) and (3.20), the permeability of region 1 and the

fault-well distance can be calculated as below:

(pp)y =0.08, (Ap),, =199 kPa , (t,), =0.07, (t),, =1000 s (3.21)
_9uf P | _
k==, (Ap]M 100.5 mD (3.22)

a=./n(t/ty),, =100.2 m (3.23)

These values are in close agreement with the correct values (k=100 mD, a=100 m).
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Fig. 3.7 Pressure and pressure derivative for example 1
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Example 2: Alteration of reservoir properties across the fault

Fig. 3.10 shows the synthetic pressure data of an injection well near a fault in which a, o,
Tp, and #p are considered 0.02, 0.5, 0.1, and 0.1 respectively. The flow capacity of the upper zone
is large in proportion to the injection zone. The reservoir properties and the formation thickness
on region 2 are unknown. Therefore, we characterize the leaky fault while the reservoir properties
of region 2 may not be identical to those of region 1. The injection rate is 0.005 m3.s, the viscosity
is 0.5 cp, the porosity is 0.1, total compressibility is 10 1/kPa, and reservoir thickness is 20 m.
First, we use the base type curves to find the initial values for o and ay. In this case, the pressure
data curve may not accurately match with the type curves but we try to find the best match. The
best match of the pressure data with the type curves is illustrated in Fig. 3.11. The estimated initial
values of « and oy are 0.2 and 0.03 respectively.

When Tp#1 and/or np#1, the effects of Tp and #p on the pressure derivative curve appear
after the arrival of the pressure pulse to the fault. Hence, variations of Tp and #p will not affect the
early time pressure data. Thus, similar to example 1, we can select an arbitrary match point to

estimate the fault-well distance and permeability of region 1 (Equations (3.24)-(3.26)).

(Pp)y, =0.098, (Ap),, =248 kPa , (t,), =1, (t), =10022 s (3.24)
_ 94 Po | _
k== (Aij 49.4 mD (3.25)

a=n(t/t,), =1001 m (3.26)
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Next, the optimization method is used to find the accurate values of the dimensionless

parameters. We set the initial values of Tp and #p equal to one. The calculated permeability and
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fault-well distance (k and a) are used to convert the well pressure data to dimensionless numbers.
We apply optimization function to find the best match between the dimensionless pressure data
and the analytical solution by modifying the four dimensionless parameters. Using the
optimization method, the estimated values of the dimensionless parameters are «=0.5, a,=0.02,
Tp=0.1 and #p=0.29. The estimated values of fault conductivities (o and ay) are true values
corresponding to synthetic data. Generally, the effects of fault conductivities on the pressure
derivative are more than the effect of diffusivity and flow capacity ratios.
3.3. Anisotropic fault leakage

The anisotropic nature of fault permeability is necessary to be honored when modeling
flow through faults. The fault permeability can be categorized into three different permeabilities:
across-fault, along-fault, and up-fault. Along-fault permeability is generally orders of magnitude

larger than the across-fault permeability.

3.3.1. Introduction

Fault core properties affect the across-fault permeability. While, the along-fault
permeability mainly depends on the fault damage zone properties (IEAGHG, 2016). Across-fault
permeability is determined by the degree of juxtaposition accommodated by displacement as well
as fault core flow resistance. If the sand interval is juxtaposed against a shale interval the across-
fault permeability will be negligible. If not, the fault flow resistance is traditionally evaluated using
the shale smear factor (Lindsay, Murphy, & Walsh) or shale gouge ratio (Yielding, Freeman, &
Needham, 1997). Along-fault permeability is primarily governed by the host zone properties. If
shale is the host zone, the along-fault permeability may be higher than the host zone. In sand host
zones the permeability of the damage zone may be higher or lower depending upon the nature of

process and deformations. Up-fault permeability is governed by same parameters controlling the
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damage zone along-fault permeability. In addition, compaction can decrease the permeability
further making the ratio of up-fault to along-fault permeabilities less than 1. The up-fault
permeability is also affected by the orientation of effective stress acting on the fault and its
magnitude. The possible range for permeability across the fault is between 102° to 104 m?
compared to 10 to 102 m? for along-fault permeability (Manzocchi, Childs, & Walsh, 2010).
Setting a lower limit to the up-fault permeability can be difficult because there may negligible
vertical leakage potential through the fault.

In this section, we introduce an analytical solution which accounts for fault’s anisotropic
nature considering distinct across-, along-, and up-fault transmissibilities. The model enables
evaluation of pressure response in the injection zone and above zone on both sides of the fault. In
the following, the physical model is presented first. Next, the analytical model is set up for the
physical model configuration by writing the relevant governing equations and corresponding initial
and boundary conditions. Next, the analytical solution is derived through applying the combined
Laplace and Fourier integral transforms. Then, the analytical solution is validated by comparing
its results to those obtained through the numerical simulation. Type curves are provided in terms
fault conductivities to demonstrate the ability of the solution for fault leakage characterization.

The type curves are next utilized to characterize fault leakage for an example problem.

3.3.2. Physical model description

Fig. 3.12a shows the schematic representation of the faulted system. We consider
horizontal flow across and along the fault plane as well as vertical leakage to the shallower
formation. The fault divides each layer into two regions (region 1 and region 2). The injection well
is located in region 1. The fault consists of four regions (f1, f2, fal, fa2) that conduct fluid in three

directions (x, y, and z directions). Fig 3.12b illustrates hydraulic connections between the fault
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regions as well as the reservoirs’ regions. Each region of the fault zone is in direct hydraulic
connection with the adjacent region of injection/above zones (regions 1, 2, al, and a2). q is the
injection rate and  is fluid viscosity. ke, kiy and ks, are fault permeabilities in three directions. k
and h are permeability and thickness of region 1 of the injection zone. Due to fault displacement,
diffusivity and thickness of regions 2, al, and a2 can be different from region 1. kj and h; are

permeability and thickness of the altered zones (j=2, al, and a2).
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Fig. 3.12. (a) Schematic representation of the physical model, (b) Directions of intra-fault and
fault-reservoirs hydraulic connections on x-z coordinate

3.3.3. Analytical model
In this section, we derive an analytical solution of pressure variations in the system of the

injection zone and above zone connected by the fault zone. The fault zone pressure variations are
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important as it conducts the flow into the far distance in the reservoir. The fault is fed from the
injection zone due to pressure gradients associated with injection operations on the side of the
injection well. The pressure diffusivity equations are written for all regions in the injection zone
and the above zone. The injection well is considered in region 1 introducing Dirac delta function
(o) in the corresponding diffusivity equation (Eq. 3.27). The governing diffusivity equations for
the four regions of the injection zone (regions 1 and 2) and above zone (regions al and a2) are
shown below.

Injection zone:

Toh o W - ayaty) - (3.27)
a;ifz N a;ifz _ 77_12 agfz (3.28)
Above zone:

azaigal . 6;?/5&1 _ nial 5Aalfa1 (3.29)
0°Ap,,  0°Ap,, _ 1 0Ap, (3.30)

aXZ ay2 77a2 at
where Apj = po- pj. pj denotes the pressure of region j (j= 1, 2, al, a2) and po is the initial

pressure of the system. The diffusivity coefficient of region j of the reservoirs is defined as below

(=1,2,a1,a2).

n; = al 3.31
i .
' duc, (3.31)

The fault zone is divided into the four zones. Each zone of the fault is in the vicinity of
the corresponding region of the injection zone (regions 1 and 2) or the above zone (regions al

and a2) (Fig. 3.12b). The pressure diffusion inside the fault at region f1 is given by:
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azApfl + K OAp,(t,0,y) _ Ke AP —Ap;, Ke AP —APy _iaApfl

° kyw, /2 X kywe /2w, /2 Kk, L/2 L g ot

(3.32)

where 7+ and ws are diffusivity coefficient of the fault zone and fault width. The first term on the
left-hand-side (LHS) of Equation (3.33) is the pressure diffusivity along the fault and the right-
hand-side (RHS) term is the accumulation term. The flow to/from region f1 to regions 1, 2, and
fal are given by the second, third, and forth terms on the LHS respectively. Similarly, for regions

f2, fal, and fa2 we can write, respectively:

62Apfz _ k2 8A|O2(t,0, Y)+ kfx Apfl_Apr _ kfz Apfz_ApfaZ iaApr

oy kyw, /2 ox kyw 12w, /2 kL2 L, p ot (3:33)

azApfal _ kal _aApal (t1 01 y) _ kfx Apfal - Ap fa2 4 kfz Apfl - Apfal _ i aApfal (3 34)
oy kyw, /2 OX kyw; /2w, /2 kyL/2 L n, ot '

O*AP s _ K,  OApP,(t,0,Y) 4 K AP — APy L Ky  APf; — AP _iaApfaz (3.35)

oy kyw, /2 x kyw, /2w, /2 kgL, /2 L, o, ot

The third term in LHS of Equations (3.32)-(3.35) include ki that make the core zone
permeability different from that of the damaged zone to fully honor the anisotropic fault structure.
Next, we need to define initial and boundary conditions in order to solve the system of partial
differential equations. We consider the initial uniform pressure (po) is the system (Equation 3.36).

pl(oa X, Y) =P, (O: X, y) = pal(ol X, y) = paz(O, X, y) = pfl(O’ y) = pfg(O, Y) = pfal(o’ Y)

= Praz (O’ y) =P (336)

The whole system is assumed infinite acting in horizontal directions (Equation 3.37).

pl(t! X —> 0, y) = pz(t! X —> —®©, y) = pa1(tl X —> 0, y) = paz(tl X —> —0, y)
= Pyt X,y = £00) = P, (t, X, ¥y = 100) = p,y(t, X, y = +00) = P, (t, X, y — F00) (3.37)

=Pty > #0) = prp(t,y = F00) = Py (t, Yy > F0) = P (L, y > F0) = py
Equations (3.38)-(3.41) are boundary conditions that describe the hydraulic connections between

the fault and the reservoir regions 1, 2, al, and a2 respectively.
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k—; aAplg);O’ ) ﬂvlv(fhm (Ap,(t,0,y) - Ap, (L, Y)) (3.38)
kz:z AAP, étx 0,y) _ #Vlf/t]Z/‘l(Apfz(t, ¥) —Ap, (¢,0,Y)) (3.39)
~ kailal aApala(;t(.O, y) _ ﬂ\lfvf:ll - (APt )~ AP, (,0,7) (3.40)
kafaz OAp,, a()t(,o, y) _ y\l::fz/ 4( AP st )~ AP, (1,0, ) (3.41)

The dimensionless groups are defined below:

oo = ap (forj= 2, al, a2, f1, 12, fal, fa2), t, =
boqu a

Kk, aw, 7 .
, L a, =——2"1 5 =2 (forj=2,al, a2, f), 3.42
hw, YT e T e T, (for} ) (342

h, k.h, , L w
oy = Ty =0 (for = 2,21, 2), Ly =5, wp ==+

where L is the leakage interval, which is the vertical distance between the middle height of the
injection zone and middle height of the above zone (L is identical for regions 1 and 2). In order to
simplify the system of partial differential equations to the ordinary system of differential equations,

we apply Laplace ( £ ) and Fourier ( /F) transforms on time and y-direction variables (Equations
(3.43)-(3.44)).

Ap(x,Y,8) = L [Ap(x, ¥, )] = [ Ap(x, y, t)e "t (343)

Azp(X! @, S) =F [A_p(X, Y, S)] = J.j: A_p(X, Y, S)eiwydy (344)

o and s are Fourier and Laplace Variables, respectively. The bar and = signs denoted the Laplace
and Laplace-Fourier domains, respectively. The solution for pressure variations of the system in
the Laplace-Fourier domain is shown below.
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Po. = ElA(e‘*D'”A) +Ce (3.45)
B, = e’ (3.46)
Poa = Cae (3.47)
Poaz = C,e™ (3.48)
where:

2 2 _2 S S
A =47TCO +31A22=472'2(02+—1Aa12=472'2602+ aAa22=47Z'2a)2+_
D2 Mba1 Mpaz

A2 = 4r2w® + S (3.49)
ot

Combining Equations (3.45)-(3.48) with the boundary conditions (Equations 3.38-3.41),
the coefficients C1 through Csare calculated by solving the following system of linear algebraic

equations for the coefficient vector C.

H.C=F (3.50)
where:

[ a [1+ %sz 2%[“%] ) :2 7[A'2 +2%*y+az][1+%]_
. a{“%} 0 —%—[A,u%ymlj[n%] 2%[“%55]

el e o st
Eegeed) ) bR o
(3.51)
e (1 1 et (1 1) e*f1 a 1 1

o Relir) Falia) —H](‘—JJ @52
c'=[c, C, C, (] (3.53)
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The superscript T indicated the vector transpose. The details of the solution derivation are
explained in the Appendix 3. We apply numerical Laplace inversion (Stehfest, 1970) and

numerical Fourier inversion to obtain the solution in the time—space domain.

3.3.4. Validation

In this section, we validate the analytical solution of the anisotropic fault system with the
numerical simulation using the CMG-IMEX (CMG, 2015). The simulated system is large enough
to keep the infinite acting behavior during the test. Local grid refinement has been used near the
wellbore as well as the fault. Fig. 3.13 a shows the CMG physical model from top view. Fig. 3.13
b demonstrates top view of the well and fault locations in the injection zone and the local grid
refinement near the wellbore as well as near the fault. The total number of grids are 1080000
(nx=600, ny=600, n,=3) and the duration of the simulation is two hours for one-minute time step.
Fig. 3.13c shows the pressure profile in the injection zone which shows good agreement between
the analytical solution and the numerical results. The pressure discontinuity is obvious across the
fault. Table 3.2 shows the values of the system properties. The rock and fluid properties are
assumed identical in the four regions of the injection and above zones.

Table 3.2. Values of the system properties

Parameter Value | Parameter Value
kix (M?) 10 | Kaz (M?) 10
kiy (M?) 10 | L1 (m) 25
kz (M?) 10" | L2 (m) 25
ws (m) 1| h(m) 20
a (m) 100 | hz2 (m) 20
) 0.1 | ha1 (m) 20
ct (1/Pa) 10° | haz (M) 20
k (m?) 10 | g (mdfs) 0.01
k2 (m?) 10 | u (Pa.s) 0.0005
ka1 (M?) 10
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Fig. 3.13. (a) Physical model on x-y coordinate for the numerical simulator, (b) Location of well
and fault in the injection zone on x-y coordinate for the numerical simulator, (c) Comparison of
the analytical (dots) versus numerical (lines) pressure distribution in the injection zone at different
times

In addition to the pressure profile, we validate the pressure derivative as the pressure
derivative is required for leakage characterization. Figs. 3.14 illustrates good agreements between

analytical and numerical results.
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Fig. 3.14. Injection-zone pressure derivative validation.
3.3.5. Results and discussion

In this section, we show the ability of the analytical solution for leaky fault characterization
by providing type curves based on the derivative curves. Next, we apply the type curves to an
example problem for anisotropic leaky fault characterization.

Effect of fault conductivities on the pressure response

We show the effect of fault conductivities (ax, ay, az) on the pressure derivative at the active
well. Figs. 3.15-3.17 show the effect of ax, ay, and a; respectively on the injection well’s pressure
derivative. Considering the definition of the dimensionless pressure, the 0.08 (=1/4x) is the value
of the derivative for the early-time radial flow.

Fig. 3.15 shows the effect of ax on the derivative curves while ay= a,= 1. ax = 0 illustrates
the same derivative horizontal line (derivative= 0.08) after the early time radial flow, which
indicates that the fault acts as a partially sealing fault. The derivative did not drop because the
vertically-leaking fault exposes the semi-infinite injection zone to another semi-infinite reservoir

volume of the region 1 of the above zone. For ax > 0, the derivative curves would ultimately reach
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0.04 at the late time, which is half of the early time radial derivative. This value is a sign of the
vertical hydraulic connection in the fault zone which indicates fault leakage in x-, y-, and z-
directions simultaneously. It can be inferred form Fig. 3.15 that the late time radial flow (derivative

= 0.04) would be delayed by decreasing ax.
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Fig. 3.15. Effect of ax on pressure derivative (ay=1, a;=1, n0=1000, #1p=1000, wp=0.001, Lp=1)

Fig. 3.16 shows the impact of ¢y on the injection well’s pressure derivative while ax=0.1
and a,= 1. It is evident that the derivative curves reach a valley after the early-time radial flow.
The valley would become deeper by increasing the along-fault conductivity ay. Also, increasing

oy delays the arrival of late-time 0.04 derivative value.
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Fig. 3.16. Effect of ay on pressure derivative (ax = 0.1, a; = 1, #m=1000, wp=0.001)

Fig. 3.17 shows the effect of vertical conductivity of the fault az on the pressure derivative
curves for fixed ox=0.1 and oy=1. The late time derivative value is equal to its early-time for
vertically sealing fault (a,=0). However, it is half of the early-time value for vertically leaking fault

((XZ > 0)
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Fig. 3.17. Effect of a; on pressure derivative (ax=0.1, ay=10, #1p=1000, wp=0.001)

Fault leakage characterization

Fig. 3.18 shows the type curves of the combined effects of ax, ay, and a; on the derivative
curves. The leaky fault type curves are classified into three main categories. The first category is
the sealing fault that shows the doubled derivative compared to the early time radial flow
(derivative=0.16, the blue curve in Fig. 3.18). The second category is the partially-sealing fault
(black curves in Fig. 3.18) that are conductive only across the fault (ax = 0, a;# 0) or upward (ox
#0, az = 0). In this category, the late time derivative value equals the early-time radial flow value
(=0.08). The third category of type curves show the derivative curves of leaky faults (red curves
in Fig. 3.18) that are conductive both across the fault and upward. In this category, the late time
radial flow derivative is half of the early time derivative (derivative= 0.04). We do not show the
values of fault conductivities in Fig. 3.18 for brevity and to assist the reader to focus on the three

main categories (shown by blue, black, and red curves).
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Fig. 3.18. Type curves for anisotropic fault characterization applying pressure derivative of the
injection well (Np2 = Mpat = Npa2 =1, o =1000, wp=0.001, Lp=1).

In order to differentiate the type curve groups based on the variations of ox, ay, and az, we
show the three categories of type curves in separate curves. Fig. 3.19 shows the type curves of

sealing faults that confine the fluid flow inside region 1 of the injection zone.
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Fig. 3.19. Type curves for faults that are sealing upward and across the fault (o2 = #7pa1 = 7pa2 =1,
npt=1000, wp=0.001, Lp=1).
Fig. 3.20 shows type curves of partially sealing faults that conduct fluid across or up the
fault. Either of these conductivities results in the same late time derivative representative of radial

flow. Considering this similar response, it may be difficult to distinguish between these two types

of partially sealing faults by the injection zone pressure response alone especially if data is noisy.
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Fig. 3.20. Type curves for Partially-sealing faults (#p2 = #pa1 = npa2 =1, ot =1000, wip=0.001,
Lp=1).

Fig. 3.21 illustrates the type curves of leaky faults that conduct fluid into the other side of
the fault as well as the above zone. As explained before, the most important sign of a leaky fault
is the late—time value of derivative (1/8x), which is half of the early-time radial flow before the
leakage response.

Figs. 18-21 show that the type curves with the same values of ay would merge at early-time
of fault leakage response. In addition, Fig. 3.21 shows that the curves with the same values of ox

and ay merge at late-time before the late-time radial flow response.
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Fig.3.21. Type curves for Leaky faults (702 = #pa1 = #paz =1, npr =1000, wp=0.001, Lp=1).

It can be inferred from Figs. 3.18-3.21 that fault conductivities (ax, ay, and «;) can be
estimated by the pressure derivative type curves. The pressure derivative curves derived by the
analytical solution are unique for each combination of fault conductivities (ax, ay, and az).
Therefore, the unique values of ax, ay, and a; can be estimated by the pressure variations applying
the analytical solution. For all types of faults, the first thing that occur after the early-time radial
flow is the effect of ay that typically appear by a valley. The valley would become deeper by
increasing the value of ay. For small values of ay, the valley would alter to a hump that would be
bigger as ay got smaller values. For sealing fault, ay can easily be estimated as it is the only
unknown conductivity (Fig. 3.18). For non-sealing faults (Figs. 3.19-3.20), ay can be estimated
by early-time merge of the derivative curves.

After estimation of ay, we explain the estimation of ax and a,. As explained before, for

partially sealing fault, it is difficult to distinguish between the across fault and vertical leakage
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based on the active well pressure response (Fig. 3.19). However, if we know the types of the
partially sealing fault (ax = 0 or o, = 0), the type curves of Fig. 3.19 are useful to estimate the other
nonzero across fault conductivity (ax) or vertical conductivity (ez), applying the middle-time
derivative effect.

In spite of the partially sealing faults, ax and a; can be distinguishable if significant across-
fault and vertical leakage occur through a leaky fault. For leaky faults (Fig. 3.21), ax can be
estimated by the late-time merge before the late-time radial flow. a; can also be estimated by the
middle-time effect after estimation of ax. In this characterization procedure, the sequential
estimation of fault conductivities is vital (ay by the early-time merge = ax by the late time merge
- a; by the middle time merge).

Effects of fault displacement

Fault displacement may result in non-identical thickness and diffusivity at two sides of the
fault both in the injection zone and the above zone. In order to evaluate the effect of fault
displacement, we investigate the effects of transmissibility ratio (Tp;), diffusivity ratio (ypj),
thickness ratio (hpj), Leakage interval ratio (Lp), and fault thickness (ws). on the pressure
response. Fig. 3.22 shows that the variation of #pj, hpj, Lo, and wip would not affect the estimation
of fault conductivities (Base case: Tp2 =Tpa1 = Tpa2 =#Dp2 = #pat = #pa2 = hp2 =hpa1 =hpa2 =1, 7Dt

=1000, ax= 0.1, ay= 1, az= 0.1, Lp=1, and wp=0.01).
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Fig. 3.22. (a) Effect of dimensionless fault width and leakage interval ratio on pressure derivative

of injection well, (b) Effect of thickness ratios on pressure derivative of the active well, (c) Effect
of diffusivity ratios on pressure derivative of injection well

Leakage rate

After estimation of fault conductivities, we can calculate the leakage rate applying the
estimated fault parameters to Equation (28). Fig. 3.23 shows the effect of up-fault conductivity on
the leakage rate. The ultimate leakage rate is half of the injection rate, because the fluid flow has

been divided between two layers with identical transmissivity (Tp2 = Tpat = Tpa2=1).
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Fig. 3.23. Effect of up-fault conductivity on the leakage rate (Tp2 = Tpat = Tpa2 =#p2 =#Da1 =#jDa2
=hp2 =hpa1 =hpa2 =1, 7pr=1000, wip=0.01, ox=1, ay=1)
Example problem

In this section, an example problem is provided for fault characterization. Numerical
simulation data is given with the following values of the system properties: permeability of the
injection zone and the above zone is 10 m? Fault zone permeabilities are kx=2.5%10",
kr,=2x101, and ki,=6.25x10"14 m?. Fault-well distance is 20 m, fluid viscosity is 0.0005 Pa.s, and
total compressibility is 10° Pa. Therefore, the values of fault conductivities are ax=1, ay=10, and
az=1. Fig. 3.24 shows the type curve matching for the pressure derivative of the injection well. The
green curve is the derivative of the injection well pressure data. This match shows ax=1, ay=10,
and a,=1 which are equal to the actual values. Although the early-time radial flow is missed in the
pressure data, the shape of the derivative curve is clearly distinguishable between the type curves
(Fig. 3.24).

Next, we estimate k and a applying a match point between the two curves. We choose an
arbitrary match point on the plots that shows 4p '=2021.6 kPa and t=0.1 day on the pressure data
plot and pp '=0.08 and tp=0.2 on the type curves. Next, we calculate k and a. The estimated k and

a are 9.9x10® m2and a=92.5 m that are close to the actual values.
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Fig. 3.24. Type curve matching for leaky fault characterization.

3.4. Fault leakage extension to multiple shallower formations

In this section, we propose an analytical solution for fault leakage into multiple overlying
layers. The vertical fault intersects the sequential layers and divides each layer into two regions.
The diffusivity equations are written for all regions of the connected layers. The fault structure is
considered by a low permeability core surrounded by high permeability damaged zones. In
addition, three directional flow is considered inside the fault zone. The system of equations is
solved using Fourier and Laplace transforms. Applying the solution, fault leakage is investigated
in three directions and the vertical extension of fault leakage into shallower formations is
evaluated.

In the following, we explain the physical model and assumptions as well as the governing

equations for fluid flow in the layers and the fault zone. Next, the system of equations is solved in
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Laplace-Fourier domain. Finally, the solution is applied to a multi-layer system to show its

potential and demonstrate its ability to determine effect of fault leakage.

3.4.1. Methodology

Fig. 3.25 shows the physical model of a leaky fault in a multi-layer system. The bottom
layer is the injection zone and layers 1 to N are shallower permeable formations intersected by the
fault. k and k2 are the permeabilities of the injection zone at both sides of the fault and h is thickness
of the injection zone. kaj and hqj are permeability and thickness of the above formations at both
sides of the fault (for j=1, 2, ..., 2N). The leaky fault can conduct fluid in three directions (X, y,
and z). ki, kry, and k, are fault permeabilities in three directions. We assume fault permeabilities
kix and kry are homogeneous along the fault plane in all layers. The vertical permeability of the fault

may be defferent from a layer to another.
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Fig. 3.25. Schematic of fault leakage in the multilayer system
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In order to develop the analytical model, we need to write the diffusivity equations for all

of the reservoir regions as well as the fault zone. Fault zone pressure is different at each

reservoir/fault interface, therefore, we need to write separate flow equations for different parts of

the fault zone connected to each reservoir region. In this model, we assume identical reservoir

properties and thicknesses for all layers. Equations (1)-(8) show the diffusivity equations for

reservoir regions:

0> Ap, . 0*Ap,
aXZ ayZ
0°Ap, , 0°Ap, _ 10Ap,
ox* oy n ot
O°Apyy , O°Apy _ 1 0Ap,
ox? oy? n ot
O°Ap,, , O°Ap,, _ 1 0Ap,,
ox? oy’ n ot
azApaS + azApaS :laApaS
ox? oy? n ot
azApa4 + aZApa4 _laApM

o oy n ot

qu 1 0Ap,
+——0(x—-a)o(y)=———
i =)o) , ot

For the last layer (n=N):
azApa(zN—l) N 82Apa(zm—l) _ laApa(ZN—l)

ox? oy? n ot
aZApa(ZN) + aZApa(ZN) — 1 aApe\(ZN)
o2 oy’ n ot
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(3.55)

(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)



azApfl . k OAp, (t,0,Yy) _ 2Ky, Apy; —Apy, 3 Ke, Aps; = APy :iaApfl

o kw2 o kyw, w, /2 kgh L ny ot
o*Ap;, _k 0Ap,(t,0, Y)+ 2Ky, Apg; — APy, 3 Ki APty — APy :iaApfz
oy’ kyw /2 ox kyw, W, /2 kyh L /G
azApfal _ k _aApal(t,O, Y)_ 2kf>< Apfal_ApfaZ n kfz Apfl_Apfal _ kfz Apfal_Apfa3 :iaApfal (3 64)
oy kyw, /2 X kW, w, /2 ky/h L ky,h L ny ot '
0 AP 3 k  0Ap,,(t,0,y) N 2Ky, APgy — APy, N Ky, AP¢, — APy, 3 K, APfaz = APy :iaApfaz
o' kyw, /2 x kyw, w, /2  kh L kyh L n, ot
O*AP o _ k —0Ap,(t,0y) 2Ky, APja3 — APy + K, APy —APag _&Apfa:i_ApfaS :iaApfa3 (3.66)
ay*  kyw, /2 ox kgw,  w, /2 kyh L ky,h L ny, ot '
azApzfaa B k 0Ap,,(t,0, y)+ 2Ky, APy — APy, 4 Ki, APfy —APga, _&ApfaZ_Apr :iaApr (367)
oy Ky W, /2 OX kywe — w, /2 K2 L ky,h L Ny Ot
For each reservoir region we write a diffusivity equation of fluid flow in fault zone:
For the last layer:
azApfa(ZN—l) _ k _aApa(ZN—l) (t,O, Y) _ 2kfx Apfa(ZN—l) _Apfa(ZN)
oy’ ko w, /2 OX KW w, /2
v . f (3.68)
n kfz Apfa(ZN—l)_Apfa(ZN—3) :iaApf(ZN—l)
ki,h L My ot
azApfa(zN) _ k _6Apa(2N—1) (tvO’ y) _ 2kfx Apfa(ZN—l) _Apfa(ZN)
oy’ ko w, /2 OX K, W w, /2
v v f (3.69)
Ke, Apfa(ZN)_Apfa(ZN—Z) ziaApf(ZN)
kyh L ny ot
In order to solve the diffusivity equations of the multiple layers (Equations 1-8), we need
reservoir-fault boundary conditions (Equations 17-22):
kh 0Ap,(t,0,y)  kh
— = Ap,(t,0,y) - Ap,,(t,
o 78R (60.Y) - 4p,,(t.) (3.70)
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kh 0Ap, (t,0, kh
" pzéx y)=uw ; 4(Apfz(t,y)—Apz(t,0,y)) (3.71)
f
kh 6Ap,, (t,0, kh
K08P, (10.Y) _ (AP (t,Y) — Ap, (1,0, Y)) (3.72)
7 OX uw, /4
kh 6Ap,, (t,0, kh
” paza(x y):,,w / 7 (8P ()= 49,5 (0,1) (3.73)
f

For the last layer (n=N):

kh 6Apa(zr\H) (t,0,y) kh
_Z o = o, 14 (Apfa(ZN—l) (t,Y) = Ap,on 4 (1,0, Y)) (3.74)
_; ZNax = LW, /4(Apfa(2N)(t,y)—Apa(ZN)(t,O, Y)) (3.75)

Next, we convert the governing equations to dimensionless form. The dimensionless groups are
defined below:

kh

Po; = ——Ap, (forj=1, 2, al, a2, f1, 12, fal, fa2, ..., fa(2N-1), fa(2N)), t,_ :’7_:
qu a
‘a (3.76)
fx K. W k. aw Wi
Qy =7, = f, =, Wp=—", = 77_f
kw, " T oka T T 2kl 0 P a e T

where a is distance between well and fault and L is the distance between the middle height of the
sequential layers. Equations (24)-(29) state diffusivity equations of reservoir zones in

dimensionless form.

O*Poy , 0Py op

—2L+ L1 5(X, D) (yp) ==

SRIMPYE (Xo =Do(yp) . (3.77)
62 pDZ + 62 pDZ — apDZ (378)

aXD2 6)’02 oty
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0" Pous , & Pow _ Pou
aXDZ ayD2 8‘tD

62 pDaZ + 82 pDaZ — apDaZ
aXD2 ayD2 atD

For the N™ layer:

2 2
0 Poagan -1y +6 Poain-1y  OPpaana

aXDZ ayD2 atD

2 2
0 pDa(ZN) +8 pDa(ZN) _apDa(ZN)
2 2 -
aXD aYD atD

Next, we convert the fault-zone diffusivity equations to dimensionless form:

8?2 Pot1 1 ale (tD ,0, yD) 20 a 1 aprl
_ _ X . o _ _ 1
BV a, ox, a, (Pors = Por2) a, (Port — Porar) " —atD
o° Porz 1 0pp,(ty,0,Yp) 2 a 1 0Py,
T + . - -—= - = —
ayz ay aXD ay ( prl pr 2) Oly ( pr 2 praz) Mo atD
62 p a 1 _ap a (t ,0, y ) 2ax az (ZZ
ayD; 1 - D 16XD D/ _ " (Pora — praz)‘l‘a—(prl - pral)—a—(pral — Poraz)
D y D y y ,
— i apral
Mo Ot

az praZ _i apDaZ (tD !01 yD) + 2a
y aq ox a
1 o

Mo O

y y y

For all other n' layers other than the last layer:
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X aZ aZ
(pral - praZ) + _( Poro — praZ) - _(praz - pra4)
04 o

(3.79)

(3.80)

(3.81)

(3.82)

(3.83)

(3.84)

(3.85)
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82 pra(Zn—l) _i_apDa(Zn—l) (tD’O’ yD) _ za

“( ~ Porazny) + 2 ( - )
3 Potaczn-1) ~ Poraczn Potaczn-1) ~ Poracan-s)
Np a, Xp a, a,

a, apra (2n-1)
__( pr(Zn -1) pra(2n+l)) ot
a, oy D

82 pra(Zn) _ i apDa(Zn) (tD '0’ yD) n 2a

a
X Y4
3 (Potagzn-) = Potaczny) + — (Poraczn-2) — Poracen))
oy a, O0Xp a, a,

a, 1 apra(Zn)
- ( pra(Zn) pra(2n+2)) at
a, Moy D

For the last layer:

o pra(ZN—l) _i_apDa(ZN—l) (tD’O'yD) _ 20

3 E *(Poran-1) ~ Poraen)) +&(pra(2N—1) ~ Poracen-3)
p a, Xo a, a,

_ 1 OPpraan-1)
Mot o,

0" Pora 1 paen) 5.0, Y5)  2a,
;);Z(ZN) _(Z_y - (ZN)GXII: : + a (pra(ZN -1) pra(ZN))+a (pra 2N-2) pra(ZN))

y y
_iapra(ZN)
Mo O

(3.87)

(3.88)

(3.89)

(3.90)

In order to convert the system of PDEs to ODEs, we apply Fourier-Laplace transforms to time

and space (y-direction) variables. For reservoirs:

62_Dl 2=

- A += 5 X, —1)=0
0.2 Py +=6(x, —1) =
82_D2 AZE _0
Xy’
82_Dal AZp 0
Xy
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2=
a —~ Mbaz2

AT 3.94
ox,? Poa (3.94)
For all other n'™ layers other than the last layer:

2=
IO n—. =
Da(2n-1) A2

To? Poagn-1y =0 (3.95)
D
o°p
Da(2n =
—8X oA Pbazn) =0 (3.96)
D

For the last layer:

2:
0 Ppacen-1)

o2 -A*D Poacen-1y =0 (3.97)
D
o’p
Da(2N =
T ? oA Ppaceny =0 (3.98)
D

For fault zone:

_ _ _ (3.99)
leéS 0 6()) 20{ (prl(s’ a)) — ﬁsz(S, a))) _&(prl(s’ CU) _ ﬁDfal(S! CU)) =0
Xb a a

y y

A prl(S ) +—

y

(s,00) - ia_Dz(SOa)) 2a
Df2 ay 8XD

: (prl(S w) - prz(S w)) - (ﬁsz(Sya)) - EDfaZ (s,0)=0 (3.100)

y y

1 -3,,(5.00) 2a, - _ a, - _
= PoaER0) 2 (5 (6:0) Boaa5.0) + 2 (o (5:0) - Pogs(5.0)

—A : EDfal (s,0) -

a OX
' i ' ' (3.102)
a = =
——(Ppsas (S: @) — Ppras (8, @)) =0
a,
1 Py.,(5,0,0) 2a
Pora (s,0) - DaZ( ) . (pral(S o)~ praz (s, )) + (pr 2(5 o)~ praz (s, m))
a, 0Xp a, a,
(3.103)

_%(EDfaZ (s,0) - EDfa4 (s,@))=0

y

85



= 1 _aﬁ a(2n-: (S!O'a)) zax = =
e 2 Potaczn-1 (s,0) —— i Y - ( Potaczn-1) (s,)— Potacan) (s, ))
a OXp a

’ (3.104)

a = = az = =
+a_z ( Potaczn-) (s,) - Potaczn-3) (s,)) - 0(_( Port 2n-1) (s,) - Potaczn) (s,w))=0
y y

y

1 aﬁDa(Zn) (51 Oa CO) + Z(Z

—A 2 EDfa(Zn) (s,w)— - (EDfa(Zn—l) (s,0) - ED“a(Z”) (s, @))

a_ OX a
5 ’ ? 5 ’ (3.105)
+—+ (ﬁDfa(Zn—Z) (s,0) - Potaczn) (s,@)——+ (ﬁDfa(Zn) (s,0) - Potacens2) (s,w))=0
a, a,
= 1 _aﬁ a - (S' 0’ w) Zax = =
e 2 Potaan-1 (s,0)—— S - (pra(ZN—l) (s, ) - Potacan) (s, ))
a, OXp a,
“ (3.106)
+a_z (ﬁDfa(ZN—l) (s,0) - Poraczn-3) (s,w))=0
y
= 1 aﬁ a (S' 0' a)) 2ax = =
_AprDfa(ZN)(S!w)__ Pazh) + (pra(ZN—l)(S'a))_ pra(ZN)(S'a)))
a, OXp a,
(3.107)

a = =
"‘a_z ( Potaen-2) (s,0) - Porazny (s,@))=0
y

where A’ =47’0w’+s and A’ =4z’w’ +s/ny . The solution for pressure variations in multilayer

system is given below.

1

EDl = ﬁei‘XDiuA + Cleﬂ’-\XD ' EDZ = CZeAXD
ﬁDal =C,e ™ ) EDaZ = C4eAXD
Poss =Cse ™ , Poas = Coe™® (3.108)

_AXD

= = AX,
Poaan-1) =C2N—1e » Poagan) :CZNe °

Coefficients C1-Con are functions of reservoir and fault properties calculated by solving the

following system of linear algebraic equations for the coefficient vector C.
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HC=F (3.109)

where:
T e’
= 5as S[—4aydl 2a,(-4+ AWp) @, (4+Aw,) 0 0 - 0] (3.110)
y
[d, m m, 0 0 0 O O O O]
m d O m 0O O O 0 0 O
m O d, m m 0O O O 0 O
Oom md O . 0 0 0 O
o 0o 0m 0 d, ~. m, 0 0O O (3.411)
0 0 O “.d, ..m, 0 O '
o o 0o 0om . “..m m O
0O 0 0 0 0 m m d, m,
0O 0 0 0 0 00 m 0 d m
|0 0 0 0 0 0 0 m m d|
c’ =[c, C, Conz] (3.112)

where H dimension is (2N+2)x(2N+2) and F dimension is (2N+2)x1. d1, d2, m1, and m; are defined

below.

1
d, = —4—[4(2&x + Afzay +a,)+ A4 +20,W + AfzanyD + aZWfD)]

ay

d,= —%[4(20{X + A zay +a,)+ A4+ 2a,W, + AfzanyD + ZaZWfD)]
y

y (3.113)
m, = >

~(4+ Aw,,)
ay

aZ
m, =

(44 Aw,y)

y
We apply numerical Fourier-Laplace transforms to convert the solution to time-space domain.
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3.4.2. Results and discussion

In this section, we show the capability of the model to assess fault leakage to shallower
formations as well as up-, across-, and along-fault fluid flow. In addition, the pressure response of
the shallower formations is evaluated.

Fig. 3.26 shows the pressure derivative of the injection well response for different number
of layers. It can be inferred that the vertical extension of fault leakage can be detected by the value
of the ultimate derivative. The ultimate derivative of two-, three-, and four-layer systems are one-
half, one-third, and one-quarter of the initial radial flow. In single layer system, there is no vertical
leakage and the ultimate derivative is identical to the initial derivative.

................. Sing|e_|ayer

— — —- Two-layer system

Three-layer system

—-—-- Four-layer system

01 f

Dimensionless derivative

001 Lol L1l Lol Lol L1l Lol Lol L1l NIRRT}
1E-2 1E-1 1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6 1E+7

Ip

Fig. 3.26. Pressure derivative of the injection well for different number of layers

In above cases, we assumed that the transmissivity of all layers are identical. The effect of
transmissivities must be considered if the transmissivities are not identical. Equation (60) below
shows the effect of transmissivity ratios on the ultimate derivative (Dua).

D -— 2 p

ua 2N
1+Tp, + 3 Ty, (3.114)
1
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D is value of the derivative for initial radial flow, which is equal to 0.08 (1/4x). The value
of Dua shows the vertical extension of fault leakage to the shallower layers. For example, we
consider a fault leakage system with the sequential permeable layers by the following
transmissivity ratios: Tpz=0.5, Tpa1=0.5, Tpaz=0.5, Tpa3=0.25, Tpas=0.25, Tpas=0.25, and
Tpas=0.25. If fault leakage is extended into the third layer, Dya is equal to 0.67D. If the leakage has
reached to the fourth layer, Dya is equal to 0.57D.

In this following, we provide an example problem for a fault leakage system with an
injection layer and four shallower layers. The reservoir diffusivity is 10 m?/s, porosity is 0.3,
compressibility is 10° pa!, and fluid viscosity is 1 cp. Fault-well distance is 100 m, k=100 mD,
and k=1 mD. The fault permeabilities and reservoir rock and fluid properties are similar to the
multilayer example problem from Zeidouni (2016). Thicknesses of the layers are 40 m with 10 m
impermeable layers in between. Fig. 3.27 shows the pressure responses of the above layers (n=1,
2, 3, 4) on a semi-log plot. The pressure is observed at 100 m far from the fault at region 1 of each
layer. The along-fault permeability is identical to the reservoir permeability (ky=k=450 mD) for
black curves (first case). The time that the pressure change reaches 1 psi (~7 kPa) for layers 1 and
2 are less than a day, for layer 3 is one day, and for layer 4 is 22 days. For the second case, we
evaluate the effect of the along-fault permeability on the pressure responses of the above layers
for kry,=450 D (The brown curves). The pressure build-up of all layers for the second case is less
than the first case. In this case, the times that the pressure of the layers reaches 1 psi are less than
one day for layers 1 and 2, two days for layer 3, and 33 days for layer 4.

In the second case where ky=450 mD, fault allows for significant fluid flow along the fault

plane that engages more reservoir volume to storage which was not engaged in the first case
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(kyy=0.450 mD). The along-fault fluid flow reduces the risk of fault reactivation that may happen

by pressure build-up.
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Fig. 3.27. Pressure response of the shallower formations in a five-layer system

Next, we investigate the effect of fault leakage on a production case. We assume same
number of layers and reservoir properties as the above example problem. The active well is
producing from the bottom reservoir that leads to fault migration from the four above zone aquifers
to the production layer. We investigate the production for the following cases: (i) ky=0.450, (ii)
kry,=450, (iii) No fault. Fig. 3.28 shows that fault fluid flow reduces the pressure drawdown
comparing to the no fault case. The pressure drawdown for no fault case is about 790 kPa after 1
years of production. However, it reduces to 757 kPa and 683 kPa for ky=0.450 and k=450,

respectively. The fluid flow from the above aquifers supports the reservoir pressure during the
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production that reduces the reservoir pressure decline. In addition, the along-fault fluid flow

engages more reservoir volume to the production that also leads to less pressure drawdown.

1000 [ —— No Fault

90 [ —— k,=0.450D

ky=450 D
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700 |
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0.001 0.01 ) 0.1 1
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Fig. 3.28. Pressure drawdown of the production well

Fig. 3.29 illustrates the pressure derivative of the production well for the three cases. The
horizontal line in Fig. 3.29 shows that the radial flow is not distracted in the no fault case. However,
the pressure derivative significantly decreases due to aquifer support caused by the fault leakage.
The early-time hump of the red curve shows the across-fault resistance to flow as the across fault
permeability is significantly low (Fig. 3.29). This early-time rise in pressure derivative causes the
temporary rise in pressure drawdown at early-time comparing to the no-fault case (Fig. 3.28). The
high along-fault permeability prevents this early time hump in pressure derivative (blue curve in

Fig. 3.29).
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Fig. 3.29. Pressure derivative of the production well

3.5. Summary

In this chapter, we present a type-curve based method to characterize a vertically and
laterally leaking fault using pressure data. In order to develop the type curves, we present an
analytical solution to evaluate the pressure response corresponding to injection/production near a
leaky fault. For the first model, we neglect the resistance to flow by overlying/underlying
permeable layers connected to the reservoir by the fault. The reservoir is divided into two regions
at each side of the fault plane. In addition, the reservoir properties on the two sides of the fault are
considered non-identical. The analytical solution was verified against the numerical simulation
results. The model was next cast in the form of type curves to characterize lateral and vertical
leakage through the fault and the reservoir properties on the two sides of the fault.

For the second model, an analytical solution is derived for anisotropic fault leakage to a
shallower formation in which, the three-directional flow is considered inside the fault zone. The
analytical solution is validated with the numerical results and good agreement is observed. Results

show that the pressure response is distinctly sensitive to the fault conductivities. Type curves are
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provided from pressure derivative curves based on the variations of fault conductivities. Type
curves are classified into three categories: (1) sealing fault, (2) vertically-sealing and laterally-
leaking fault, and (3) vertically-leaking fault. In the first category, the derivative value of the late-
time horizontal line is doubled after the early-time radial flow. In the second category, the late
time derivative value is equal to the derivative on the early-time radial flow. In the third category,
the late time derivative is half of the early time derivative value. Type curves are grouped based
on the variations of fault conductivities in three directions. The across-fault conductivity can be
grouped by the early-time merge of the pressure derivative values. The derivative curves of
identical values of along-fault conductivity would merge at the late time before reaching to the
ultimate steady state radial flow

For the third model, an analytical approach is proposed to investigate the pressure
perturbation of fault leakage in a multilayer system. The leaky fault intersected the sequential
permeable layers that are otherwise confined by impermeable layers. The system of diffusivity
equations is written and solved for all of the permeable layers as well as the fault zone and the
anisotropic fluid flow is considered in the fault. This model is capable to estimate the pressure
variations of all layers during the leakage occurrence considering that the fault-zone pressure is
different in vicinity of different permeable layers. The effect of fault leakage is investigated for

injection and production cases.
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CHAPTER 4. LEAKY CAPROCK

Thin shale layers isolating productive intervals in a reservoir have important implications
for reservoir development and EOR strategies. In addition, weaknesses in caprocks overlying
injection intervals may adversely affect the safety of fluid injection approaches including gas
storage, waste water disposal, and CO- geological storage. Even low permeability of a caprock
overlying the injection zone can be very important by allowing for pressure dissipation out of the
reservoir. In this work, we apply harmonic pressure testing method to characterize a caprock
overlying a given injection zone. A periodic flow rate pulse is disseminated from the injection
well. The pressure pulses traveled through the caprock are observed in the above zone. The
hydraulic characteristics of the low permeability caprock are estimated applying the analytical
solution based on the above zone pressure amplitude. The caprock diffusivity is found to be in
acceptable agreement with the true value. It is shown that the harmonic pulse testing is useful to
characterize the intra/inter reservoir low permeability layers (caprocks).

4.1. Introduction

Existence and characteristics of low-permeability thin/thick zones isolating permeable
layers from other permeable zones in multilayered system and/or from those out of a reservoir are
highly important for reservoir development. Presence of even thin shale layers in a multilayer
reservoir can determine if cross flow between layers may occur.

Cheng and Morohunfola (1993) and Cihan et al. (2011) derived analytical solutions for
caprock leakage from an injection layer to adjacent formations. Dejam and Hassanzadeh (2018)
presented a three dimensional model for caprock diffuse leakage. These models are based on the
conventional pressure modeling methods in which the active well is at constant rate or constant

pressure conditions.
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Extending conventional well testing methods, harmonic (periodic) well testing can be
applied for reservoir characterization. The periodic pressure signals from an active well travel
through the media and the signals are observed at a passive well nearby. Pulse testing is an
oscillatory method of evaluating inter-connection of two wells to estimate the reservoir properties
in between (Fokker, Borello, Serazio, & Verga, 2012; Johnson, Greenkorn, & Woods, 1966). In
conventional well testing methods, the noise produced from the active wells are normally strong,
because the active wells cause significant flow streams in the reservoir (Renner & Messar, 2006).
In periodic well testing, the noise effects are minimized in comparison with conventional methods
that require mobilization of significant amount of fluid. The signal-to-noise ratio (SNR) is
improved by applying Fourier transform on the pressure data (Knabe & Wang, 2011). Unlike
conventional drawdown test where constant rate constraint is strictly required, constant rate over
each flow period is not necessary for harmonic interpretation because rate fluctuations mainly
affect the high frequency components, which are relevant to the near wellbore (Fokker, Borello,
Verga, & Viberti, 2017; Hollaender, Hammond, & Gringarten, 2002). In addition, there is no need
to shut in the well during the test nor it is needed to know the well rate history for pressure analysis
(Hollaender et al., 2002). Kuo (1972) showed that if the well boundary condition is periodic, the
induced pressure signal through the reservoir would be periodic with the same frequency. Many
works have been done on reservoir characterization by periodic pressure testing (Fokker & Verga,
2011; Knabe & Wang, 2011; Rosa & Horne, 1997; Shakiba & Hosseini, 2016; Shakiba, Hosseini,
& Sepehrnoori, 2017; Sun, Lu, & Hovorka, 2015).

In this chapter, we provide an analytical solution for a system of two layers separated with
a low permeability caprock in between. The analytical solution is in frequency domain and the

injection rate is periodic. The solution can give the periodic signals in the injection zone, above
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zone, and low permeability layer. We characterize the low permeability caprock using the
analytical solution. We provide an example problem to show the application of the characterization
method.
4.2. Methodology

The physical model consists of the injection and above zones and the caprock layer in
between (Fig. 4.1). The caprock layer is low permeability and the injection well is perforated in
the middle of the injection zone. The thicknesses of the injection zone, caprock, and above zone
are h, he, and ha, respectively. Subscripts a and ¢ denotes caprock and above zone. #, 7¢, and 74 are
the diffusivity coefficients of injection zone, caprock and above zone respectively. The injection
pulse is disseminated from the injection well and travels through the caprock to the above zone.
The diffusivity equations are written for the three layers. Fourier transform is applied to solve the
system of diffusivity equations. In this analytical solution the time variable is converted to
frequency domain by the Fourier transform. The injection well is perforated at (x=0, y=0, z=zu).

Well

z

Above zone ‘L»x N Pobs [ ]

Y

Injection zone | | | qinj H

Fig. 4.1. Schematic representation of the physical model
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4.3. Mathematical modeling
The system of diffusivity equations for injection zone, caprock, and the above zone is as

below. For the injection zone:

S0 2R Tl K saatema - - P @)

where q(t) is the injection rate. ¢ is the Dirac-delta function, which is applied on the space

parameters to specify the injection well location. The injection rate q(t) is considered as a square

pulse, which includes sequential injection and shut in periods. Equation (4.2) shows the square
pulse injection rate.
. j

) - qz[(_l)T”’Jn[é— i-3) @2)

where T is period of each cycle. Equation (4.2) shows that the injection rate is go during the first

half of each cycle and qo/2 during the second half. This equation can be modified to model any

rate change over a given pulse. n is the number of injection cycles. IT is the box function (Equation

4.3).
1 Lot
I1(t) = 2 2 (4.3)
0  otherwise
For caprock layer:
o° 0° o° 10
e @4
OX oy oz° n, ot
For above zone:
0’ 0’ 0° 10
pa + pa+ pa [ pa (45)

ox*  oy* oz° p, ot
Equation (6) shows the initial and boundary conditions of the system.
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(4.6)

oz oz
p.(t. %, y,h+h,)=p,(t,x,y,h+h,)
op, (t,x,y,h+h,) _k op, (t.x,y,h+h,)
¢ oz ¢ oz
op, (t,x,y,h+h,+h,)
0z

k

=0

We convert the equations to dimensionless form for brevity of the solution. The dimensionless

groups are defined in Equation (4.7).

kh nt y z
pD=qﬂAp tDZI—z, —T,yD—T =7 (4.7

Equations (4.8)-(4.12) show the system of diffusivity equations and boundary conditions in

dimensionless form.

P . Po . O Pp op
S(X,)o0 o(z t.)=—"L
aXé + 8)/3 + GZE + ( D) (yD) (D)qD(D) 8tD (4_8)
+3 2t 1
O (tp) = Z[ J [T—D—J—EJ (4.9)
D
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o Po pcD PPy 1 Py

o N o mp Ot (410
2 2 2
oA 2
Po(0.%51 Y5125) = Pep (0. X5, Y5125 ) = Pap (0. %5, Y5, 25 ) =
Po (to: %0, ¥5.,0) = Pp (tp X5, £90,0) = Py (5, 90, ¥,0) =
Peo (to1 X0, £90,0) = Pyp (t5, 290, ¥5,0) = Py (1, X5, £0,0) =0
o (to: %0, ¥0,0) _
0z,
Po (to X5 Yo, N ) = Peo (164 %o, Yo 1)
o (to: %0, Yo: o) _ |, oo (to: %0, Yo 1) (4.12)
oz, ® oz,

pcD(tD’XD’yD’hD+th):paD(tD’XD’yD’hD+hCD)

P (to %o Yorlo o) | Pap (to: %01 Yo o+

) 8ZD aD (3ZD

8paD(tD’XD’yD’hD+th+haD)
0z,

=0

We transform the system of equations and boundary conditions into the Fourier domain to
derive an analytical solution. The Fourier transform is defined in Equation (4.13a). F(s) is Fourier
transform of function f(t). We apply the Fourier transform on time (t) and space (x and y) domains

(Equation (4.13Db)).

F(s) = f f(t)e ™ dt (4.13a)

—00
+00 +00 +00

Pp (8¢ @,25) = I J. _[PD (to)Xps Vo Zp)e TP 20 e ™0 dx dy dt, (4.13h)

—00 —00 —00

The system of equations in Fourier domain is given by:
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aTF;ID+5(ZD)qD(S) = A’ Po
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B®) -
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a D '% pcD
paD 2=
82D Aa paD
where:

A= \/27ri8+4772(§2 +0%)

A = \/Zﬂis +47%(E + 0°)

ﬂcD

A - \/st LA (E o)

773D

&y (5.,0,0)
0z,

=0

Bo (5,£,0.15) = Bio (5., 00,1
Bo (5.£,:0.1) _ o (5.,00,1)

misT\ n-1 ) ) )
— i ) Z (12 + (_1) j )e—msTD (1+])
j=0

0z, 0z,

ECD(S’é:’a)'hD-’_hCD): 5aD (S,f,a),hD+th)
aﬁcD(S,f,a),hD+th) zﬁﬁao(s’é::a"ho"'hco)

0z,

aEaD (51510)1 hy +hyp +haD) _

0z,

Equations (4.22)-(4.24) show the solution in frequency domain.

ED _ AzD +C e—AzD +q;'(A) —-Azp— AzwD( e2A.zD +e2A.zwD)h(ZD_ZWD)

(4.14)

(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)



P = C,e™™ +Ce (4.23)
D, =C.e™™ +Ce A (4.24)

h is Heaviside function given by:

x>0

h(t) = é (4.25)

x<0

In order to apply the analytical solution, we use numerical Fourier inversion to revert the
solution to x and y space domain. However, we keep the time variable in frequency domain. The
observed pressure should be converted into Fourier domain using discrete Fourier transform

(Equation (4.26)).
p(s) = Z p(t;)e ™At (4.26)

N is number of the pressure data and At is sampling time interval.
4.4. Results and discussion

In this section, we compare the analytical solution with the numerical simulation and
provide an example problem for caprock characterization.
4.4.1. Validation

System properties are given in Table 4.2. The value of the compressibility can be in order
of 1071% for permeable layer and caprock (Lei, Cao, McPherson, Liao, & Chen, 2019; Mbia et al.,
2014). The simulated above zone pressure response and injection flow rate are shown in Fig. 4.2a.
The pressure is recorded at point zp=1.0525. For simplicity, we assumed that the injection rate is

zero at the second half of each injection cycle.
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Table 4.1. Values of the system properties

Parameter Value | Parameter Value
k (m?) 50x105 | ga 0.1

ke (M?) 5x1076 | ¢t (1/Pa) 10710
ka (M2) 10x107%5 | qo (m¥/s) 0.023
h (m) 100 | x (Pas) 0.0005
he (m) 5 T(s) 7200
ha (m) 100 n 12

P 0.1 I (m) 100

be 0.1 zw (M) 50

The simulated data is converted into the frequency domain. The analytical solution and
numerical simulation results are compared in Fig. 4.2b in terms of amplitude of the above zone
pressure signals versus frequency. In order to compare the curves, we evaluate the amplitudes only
at harmonic frequencies (the spikes in the curves). The background in the amplitude curves may
not match due to the numerical artifacts and the non-zero trend in the pressure data. The resolution
of space discretization also may cause difference between the analytical and numerical results in
the background data points, but still the match is good at harmonic frequencies. In the next section,

we show that the analytical solution is accurate enough to evaluate the system properties.
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Fig. 4.2. (a) Injection rate and above zone pressure response (b) Amplitude of above zone pressure
response for analytical solution against numerical simulation

4.4.2. Example problem

In this section, we present an example problem of pulse testing for caprock
characterization. We simulated the two-layer system shown in Fig. 4.1. The rock and fluid
properties are given in Table 4.2 except for the caprock permeability, which is 2x10726 m?. Fig. 4.3
shows the injection rate and above zone pressure response observed from a point in the above zone

close to the caprock surface (zp =1.0525).
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Fig. 4.3. Above zone pressure response for example problem

We use Discrete Fourier transform to calculate the amplitude of the above zone pressure
of Fig. 4.3 in the frequency domain. Next, we compare the above zone response with the analytical
solution to estimate the caprock diffusivity. We modified the caprock diffusivity in the analytical
solution to match the amplitude of the above zone pressure response (Fig. 4.4). Fig. 4.4 shows that
the amplitude of pressure response in the above zone varies as a function of caprock diffusivity.
Higher caprock diffusivity coefficients lead to stronger signals observed at the above zone. In a
tight caprock with a low diffusivity coefficient, most of the pressure signal is attenuated as it travels
through the media. Moreover, based on this figure, the dimensionless diffusivity ratio matched by

the analytical solution is 0.004, which is very close to that of the above zone.
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Fig. 4.4. Estimation of caprock diffusivity using the amplitude of above zone pressure response

The other properties of the system may not be known with certainty for the caprock
characterization. We assess the effect of uncertainty in other parameters in estimation of caprock
diffusivity ratio. In the example problem, the above zone diffusivity ratio (7ap) is 0.2. We use 7ap
with 50 percent error in analytical solution for caprock characterization. Fig. 4.5 shows the
analytical pressure amplitude for #ap=0.1and 0.3 resulting in estimated #.0=0.0023 and 0.00495

respectively.
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Fig. 4.5. Effect of 50% error in the above zone diffusivity ratio on estimating the caprock

diffusivity ratio

Uncertainty in location of well perforations with respect to the caprock can effect the
estimated #cp. In the example problem zup is equal to 0.5. Fig. 4.6 shows the estimated #cp
considering 50% error in zwp. For zyp=0.25 and 0.75, the estimated #cp is 0.0055 and 0.0022

respectively. These estimations show that uncertainty in #ap and zwp may lead to significant error

in estimated 7cp.
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Fig. 4.6. Effect of 50% error in zy on estimating the caprock diffusivity ratio
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4.5. Optimal duty cycle to maximize value of information in periodic test
We propose an approach to increase the value of information gained from the pressure
response during the harmonic pressure testing. Optimizing the pick to pick difference of the

periodic pressure response can reduce reservoir disturbance during the periodic pressure test.

Py (Xt ) 07pp (X5t
D( D D)_ D( D D):q(tD)

o ox? (4.27)
Green function G(xp, tp) is the impulse response of the differential equation.
pD(XD,tD):G(XD,tD) * q(tD) (4.28)
0 6 (xoty) = 5(x; ) (4.29)
oty X’ e ° '
G (%ot ) =G (x, )& (4.30)
. o =
[ja)—a 2JG(XD):é(xD) (4.31)
XD
Boundary conditions:
p(t,O) =P
(4.32)
p(t, X’+°O) =p
2 62z G(Xo:t5)=5(%5)a(ty) (4.33)
ot, OXp
q(ty) =D g,e"m e (4.34)
-2
T
4.
T: Period (435

7. Injection/production duration
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D =% : Duty cycle
We provide the solution in Fourier series form.

o (Xo.ts) Zu b )em e

U, =0q.G (xt)

1
=y

q( )e imaxtp

Nmt_.,\)m

Therefore:

g, =D Sinc(mD)

where: Sinc(x)= Sin{x)
TX

q(t,)=D +i2D Sinc(mD)Cos(majt, )

m=1

(4.36)

(4.37)

(4.38)

(4.39)

(4.40)

In order to calculate the pick to pick ripple (PPR), we consider the cumulative effect of

the first and second harmonics.
Po (X5t ) = Uy (X)+uy (X)€™™ +u_y (x)e ™ +u, ()6 +u_, (x)e 2o
Po (Xoto) =g (%) +2{u, (X) & +u, (x)e?/ |
7= ul(x)ei“’o‘D +U, (X)ezwoto

z is a complex number and ¢, is the phase angle of z. Therefore:

Po (Xo.to ) =, (X)+2|z|Cos(g, )

Therefore, pick to pick ripple of the pressure response is equal to 2|z|.
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PPR = 2‘u1ej“’°t0 + U820 | = 2\/|u1|2 +]u,|* +2u,u; Cos(myty )

U, =6,G (%o, @, ) = 2D Sinc(D)(X,, @, )

U, =0,G(Xo, @, ) = 2D Sinc(2D) (X, 2, )

. 1 —a(on )X
u, =2D Sinc(D)————e (o)l

|a(a)0 )|

) 1 _
u, = 2D Sinc(2D g (2

In order to optimize PPR, we neglect the term Cos(ayt;, ).

PPR =4/|u12|+|u22|

PPR=2D Jm  (Sinc(@0))” L,
|a)0 | 2|Ce)0 |

Optimum Duty cycle can be calculated by solving equation 4.54.

PPR=0.5

4.6. Summary

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

In this chapter, we applied pressure pulse testing method for characterization of low

permeability caprock. We derive an analytical solution for diffuse caprock leakage from an

injection zone to the above zone. The analytical solution is based on the harmonic testing method

in which the injection flow rate is a periodic rate. The solution can be modified to model any rate

change over a given pulse. The analytical solution is verified with numerical simulation results.

The analytical solution is derived in frequency domain. In order to compare the above zone

pressure with analytical solution, we use discrete Fourier transform to transform the pressure
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response to frequency domain. In an example problem, we estimated the diffusivity of the caprock

using the analytical model.
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS
5.1. Conclusions

In this study, we proposed pressure interpretation methods to identify the undesirable
leakage from the underground storage layers to shallower formations. In chapter 2, we proposed
an analytical approach to identify leaky well from fault or caprock leakage. The identification
method is based on the normalization of the above zone pressure response against the unknown
leakage rate. Applying the above zone pressure, we can identify leaky well, fault, and caprock
based on the specific flow regimes. The flow regime of each leaky pathway can be detected in the
above zone, because the leakage pressure signals in that zone are not combined with other signals.
However, in the injection zone, the leakage signals are combined with the strong injection signals.
Results show that the leaky fault causes linear flow with one-half slope line. The one-half slope
line would occur if the along-fault conductivity (ay) is sufficiently high. The derivative slope would
be between zero and one-half for smaller values of «y. The consequent derivative curve for diffuse
leakage shows spherical stabilization (-3/2 slope derivative line) while that for focused well
leakage shows radial flow characterized by zero-slope derivative. The spherical stabilization may
not be fully established because the pressure pulse reaches to the top boundary before reaching to
the farther observation point. In such a case, the derivative slope line would show a negative slope
lower than 3/2 in magnitude. The identification and characterization procedures in this study are
fast and straightforward without the need for optimization procedures that can be computationally
expensive. The linear flow of the fault leakage can only be detected at early time and will convert
to radial at late time. Therefore, the fault leakage linear flow cannot be seen from a far observation
point. We proposed a method to increase the radius of investigation of pressure signals from a

linear source. We showed that the quadratic pressure variations can significantly increase the
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radius of investigation from a linear source. This fact reduces the arrival time for identification of
the linear source.

In chapter 3, we proposed analytical approaches to characterize fault leakage by

interpreting the active well pressure signals. We proposed three fault leakage models: 1-fault
leakage to a high permeability zone, 2- anisotropic fault leakage, 3- multilayer fault leakage.
In the first model, we used the optimization method in combination with the type curves to identify
system properties. The type curves were used to find the initial values of unknown parameters.
Applying the optimization method, very accurate values of a, and o were estimated by modifying
the initial values. As ay increased, the sensitivity of the pressure response to Tp and #p was reduced.
However, for low values of ay, the well pressure data were considerably sensitive to Tp and #p.
The sensitivity of this range of pressure data on flow capacity and diffusivity ratios (Tp and #p) is
less than that to the fault vertical and lateral conductivities. This work shows that the pressure data
prior to reaching the flow resistance of the overlying/underlying zone can be enough to estimate
hydraulic characteristics of the leaky fault.

In the second fault model, the effect of vertical conductivity is visible during the middle-
time response. Therefore, fault conductivities can be estimated by the early-time, middle-time, and
late-time pressure response of the active well. Fault displacement may have a little effect on the
estimation of the vertical conductivity of the fault. The value of the vertical conductivity can be
verified by another observation point that can be the location of the injection well in the above
zone. An example problem is provided for fault leakage characterization for which the estimated
parameters are found to be identical to the actual values.

In the third fault model, the along-fault permeability significantly affects the pressure

response of the shallower formations. The pressure changes of the injection zone and shallower
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zone decrease by increasing the along fault permeability. Therefore, the along-fault flow can
reduce risk of fault reactivation that may occur during the injection operation. In production cases,
fault leakage provides support from the adjacent formations to reduce the reservoir pressure
decline. We conclude that the assumption of anisotropic fluid flow inside the fault zone is crucial
for fault leakage evaluation.

In chapter 4, we proposed periodic pressure interpretation method for caprock
characterization. The periodic method is necessary for caprock leakage because the spherical flow
regime ends and early-time after the pressure signals reach to the top boundary of the system. In
this three-dimensional model, the analytical solution is significantly faster than the numerical
simulation. To evaluate the above zone response, we must only consider the amplitude at the
harmonic frequencies (periodic spikes). Results show that the pressure amplitude curves of the
analytical solution is useful to characterize the caprock, because the above zone pressure amplitude
is very sensitive on caprock diffusivity. Next, the characterization method is evaluated considering
uncertainty in other system properties. Considering significant uncertainty in other system
properties, the error in estimated caprock diffusivity ratio is less than the error of the above zone
diffusivity ratio or error in the injection well distance from the caprock. In order to enhance the
value of the information in a periodic test, we optimized the duty cycle to maximize the pick to
pick ripple of the periodic pressure response that shows the 50% optimum duty cycle.

5.2. Recommendations
5.2.1. Well leakage

The leaky well signals are very weak in the injection zone comparing to the signals

disseminated from the injection wells. Also, both injection and leakage signals are from similar

sources (line source) that lead to similar pressure responses. Therefore, it is difficult to distinguish
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leakage signals by the injection zone pressure signals. However, fault act as a plane source that
disseminates strong leakage signals comparing to the injection wells. An identification method
that can clearly distinguish injection from leaky well signals will considerably reduce the leakage
identification costs. Further, identification of leaky wells signals from fault leakage using the
injection zone responses is a tougher challenge that will lead to a comprehensive method for
leakage characterization. This characterization method requires no observation well in the
shallower formations. Moreover, leakage characterization by the injection signals is more
preventive than above-zone identification to avoid consequent environmental contamination
and/or economic losses. This method can be done with conventional pressure methods. However,

periodic testing is more suitable to distinguish weak leakage signals from the injection signals.

5.2.2. Fault leakage

The multilayer leaky fault solutions presented in this dissertation are provided in the
Laplace-Fourier domain. A simpler real-time solution is useful to understand the fault leakage
system at early time, middle time, and late time considering the time as an explicit parameter. It is
important to obtain the variation of leakage rate versus time by a fast real-time solution. A
suggestion for simplification is to apply no resistance to flow from the upper layers for the
multilayer system considering the actual structure of the fault. If the total transmissivity of the
above layers is large enough, the calculated leakage rate would be close to the actual value. In
addition, the flow geometries and sequential flow regimes can be explicitly investigated in all
layers by a solution in the full space domain.

Fault permeability may not be constant during the injection operation. A sealing fault can
be reactivated by reaching the threshold pressure and starts conducting fluid to the adjacent zones.

A combination of the multilayer fault model with fault reactivation is useful for early detection of
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previously sealing faults that start to conduct fluid. This early detection is helpful to prevent
induced seismicity as well as significant fault leakage.

Experimental study is necessary to investigate the applications of anisotropic fault leakage.
Sand pack set up is a practical method to design a lab experiment for fault leakage. In a multilayer
system, the sequential layers of sands can be isolated by sealing materials. A vertical (or deviated)
cut can provide the fault zone that should be filled with appropriate grain sizes to reach the
anisotropic fluid flow in the fault zone. Fault core and the damaged zone can be made by fine and
coarse grains, respectively. It is not required to cross all layers to provide the active well in the
bottom layer. The injection well can be designed by setting specific valves in the bottom layer
sand pack connected to a pump. The system of sequential layers should be created in a strong

container with high pressure and thick material.

5.2.3. Caprock leakage

The above-zone periodic test for caprock leakage characterization can be developed to
characterize other types of leakage pathways. This can be achieved by distinguishing the specific
flow regimes. Considering the fact that the spherical flow of the caprock leakage would be
eliminated after the early time of leakage, the periodic test is more appropriate to distinguish
caprock leakage from other types of leaky pathways. In addition, the periodic flow regime
identification can be extended to linear flow and radial flow. Therefore, the sequential flow
regimes can be detected during the leakage occurrence to detect other types of leaky pathways.
These methods must be more complex than normal flow regime identification methods because
the leakage rate is an unknown parameter, which decreases the degree of freedom.

There is a large area of caprock weakness in diffusive leakage cases that faces the injected

fluid at the early time of injection. Therefore, multiphase leakage can be important for diffusive
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leakage. A two-phase model is required to investigate the effect of native fluid on the pressure
signals detected in the above zone. Further, the above zone pressure signals can be interpreted to

evaluate the condition and location of the native fluid plume in the above zone.
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APPENDIX 1. GEOMETRICAL CALCULATIONS OF LOCATING THE LEAKY
WELL

In this section, we show how to locate the leaky well when we know the distances between
the observation wells (d) and the leaky well. p1 and p> can be calculated by the proposed method.
The three wells (leaky well and observation wells) form a triangle (see triangle ABC in Fig. 2.2).
Three sides of the triangle are p1 and p2 and d. We can find location of the leaky well by finding
angles of the triangle based on the relationships between sides and angles in the triangles (see
Equation (2.12)). Therefore, we can provide the following system of equations (Equations (Al1.1)-

(Al.2)) for triangle ABC (Fig. 2.2).
|AC|.sin(6,) =|BC|.sin(B) (AL1)
|AC|.sin(¢,) =|AB|.sin(B) (AL.2)
where | AC| =p1, | BC| =p2, and | 4B| =d. The term sin (6s) is identical to sin (61+B), which
should be replaced to solve the system of equations (Equations A1.3-Al.4).
|AC|.sin(6,) =|BC|.sin(B) (AL3)
|AC|.sin(@, + B) = d.sin(B) (A1.4)
Angles 61 and B can be calculated by the above system of equations. Therefore, we can
completely locate the leaky well. Next step is to calculate distance between the injection well and

the leaky well. First, we should find the angle p1. We form the same system of equations for

triangle ABD (Equations A1.5-A1.6).
|AD|.sin(A+ 6,) = | ABJ.sin(6,) (AL5)

|AD|.sin(A) =|BD|.sin(6,) (AL.6)
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Angles 6> and A can be calculated by the above system of equations. Then, we can find the
distance between the injection well and the leaky well (R) by solving the following system of

equations (Equations A1.7-A1.8). We have already calculated angles B and 6>. 6 is equal to B-6.

IBC|.sin(6,) =|CD|.sin(B,) (AL1.7)
BD|.sin(B,) =|BC|.sin(8, +6,) (AL1.8)
where | CD| =R.
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APPENDIX 2. MATHEMATICAL SOLUTION OF FAULT LEAKAGE TO THE HIGH-

PERMEABILITY ZONE

We present the system of differential equations in dimensionless form for generality and

convenience. The system of differential equations of regions | and 2 and the corresponding

boundary conditions (Equations 2.1-2.10) are converted to dimensionless form using Equations

(1.15)-(1.17).

Region 1:
2 2

O Po T Py (%, ~D)(y,) = 2o
6XD ayD atD

le(XD’ yD’O) =0
Ppy (Xp,£0,0) =0
Py, (+0, Yp,t5) =0

0 0,y,,t
%: a(le(O’ yD’tD)_ pDz(O' yD’tD))+au(le(01 yD1tD))
D

Region 2:

O Poz , 3Py _ 1 0Py,

axé oy |23 o Ot

pDZ(XD1 yD10) =0
pDZ(XD'iOO’tD) =0

Po2 (o0, yD’tD) =0

TD apDZ ()?’ yl t)

3 +au(pD2 (01 y1t)) :a(p01(01 y1t)_ pDZ(O’ y,t))

(A2.1)

(A2.2)
(A2.3)

(A2.4)

(A2.5)

(A2.6)

(A2.7)
(A2.8)

(A2.9)

(A2.10)

To solve the system of differential equations, the method of Laplace and Fourier transforms

is used. Applying the transforms, the system of partial differential equations in time-space domain
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is converted into a system of ordinary differential equations in Laplace-Fourier domain that can
be solved. Then, the solutions should be converted back to the time domain using Laplace-Fourier

inverse transforms. The Laplace transform of the function Pp is defined as below:
Po (%01 Y:5) = LIPo (X1 Yo to)] = [ Po (X1 Yo tp)e"dlt (A2.11)

where s is the Laplace transform variable. First, the Laplace transform is applied into the

time domain.

Region 1:

0" P 0Py 1 -

W"'ay—é"'gé‘(xD —16(Yp) = SPpy (A2.12)
Po1(Xp,£0,8) =0 (A2l3)
Por(+0, ¥p,8) =0 (A2.14)
0P, (0, Y5, — — _

W =a(Pp;(0,Yp5,8) — P2 (0, Y5, ) + @, (P, (0, Yp5: 9)) (A2_15)

D
Region 2:

°Pp, P, S -
+ =—0Pp A2.16
axlza ayg Mo o ( )

Po2(Xp,+0,8) =0 (A2.l7)
Eoz(_ooa Yo S) =0 (A218)

T aﬁDZ(O' yD ) S)
P 5

Xp

+,(Pp2(0,Yp,9)) = a(Pp1(0, Y5, 8) = Pp2 (0, 5., 5)) (A2.19)
The Fourier transform of function Py is defined as below:

Po (X0, @,5) = FIPo (X0, Yo, S)]1 = [ Pp (X5, Yo, S)e™dlt (A2.20)
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where  is the Fourier parameter. Second, the Fourier transform is applied into the space domain
(yo) and the ordinary system of differential equations and corresponding boundary conditions in

the Laplace-Fourier domain is obtained:

Region 1:
d’p = 1
dfgl - A7y =~ 256, -1 (A2.21)
Py (+00) =0 (A2.22)
Py, (0 _ = -
%() = a(Ppy(0) — Pp,(0)) + a, (P, (0)) (A2.23)
D
Region 2:
d2: =
dféa_z ~ AP, =0 (A2.24)
Pz (—0) =0 (A2.25)

TD a6D2 (O)
0

D

+at, (Pp,(0)) = & (Ppy (0) — P, (0)) (A2.26)

where Ai1=w?+s and Ax=w?+s/np. The solution in Laplace-Fourier domain is as below.

Region 1:
Pos = KlA (e_‘x" ‘”A) +Ce M (A2.27)
C,A-CA=a(C,+C,-C,)+2,(C,+C) (A2.28)
Region 2:
P, = Cpe™® (A2.29)
T,C,A +C,a, =a(C,+C,-C,) (A2.30)
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where c, = @/(2sA))e». C1 and C, are unknown constants, which must be calculated by

combining the equations (A2.28) and (A2.30). The solutions for dimensionless pressure of regions

1 and 2 in Laplace-Fourier domain are:

1 [e%” L Aa+Aa, ~2a0, —a,’ + AAT, — AToa — ATody nu)

Aa+Aa, +2aa, +a+AAT, +AT,a+ AT, J (A2.31)

5o=% 1 (-A+Ap)
°2 s | Aa+Aaq, +2aa,+al+ AAT, + AT.a+ATa,

(A2.32)
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APPENDIX 3. ANALYTICAL SOLUTION OF ANISOTROPIC FAULT LEAKAGE

In this section, we show the details of the analytical solution. We converted the system of
partial differential equations into the dimensionless form. The dimensionless groups are defined
by Equation (16). Equations (A3.1)-(A3.8) shows the system of differential equations for injection

zone, above zone, and fault zone in dimensionless form. Injection zone and above zone:

2 ? A3.1
TP T Pos g, ~D)(y,) = P (A3.)
OXp p oty
0’ Pos +5‘2 Poo _ 1 0Py, (A3.2)
aXD2 ayD2 Moy Oty
0" Poas , O Poar _ 1 OPou (A3.3)
aXD2 aYDZ Moar Olp
0 Ppa2 + 0’ Poaz 1 OPpay (A3.4)
aXD2 aYD2 Moaz Ol
Fault zone:
0" Pors 1 ppu(ts,0,¥p) _ 1 P
oy, + a_y oxg - 2a, (Pors = Por2) =, (Pory — Porat) = T (A3.5)
o* Pora 1 0pp,(t5,0,Yp) | @ 1 aprz
- + X _ _
oy? a %, 2, (Pors = Porz) — L — (prz Poraz) = — (A3.6)
O Pom _ 1 ~OPpu(to,0.¥5) _ 1 o
Y7 _a_y oxg - 22, (Potar = Poraz) + @, (Pory = Poras) = . (A3.7)
0" Poz 1 0Py (t5,0,¥5) | @, 1 OPp
8y2 _a_y ox + 2ay (Pogas — praz)jL L, 2 (Por2 = Poaz) = o Ol (A3.8)

Next, the initial and boundary conditions are converted to the dimensionless form.

Initial condition:
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le(XD’ yD’O) = pDZ(XD' yD’O) = pDal(XD’ yD’O) = pDaZ(XD' yD’O) = prl(O’ yD)

A3.9
= prz(o’ yD) = pral(O: yD) = praz(O, yD) =0 ( )

Boundary conditions:

Poi(tos X =90, Y5 ) = Ppo(ts: Xp =0, ¥p) = Ppar(to: Xp =, ¥p) = Ppaz (tp Xp —> 0, ¥p) (A3.10)
= Por1(tps Yo = 10) = Ppyr,(ts, Yo —> £90) = Ppgy (tos Yo —> £0) = Ppgay (tp, Yp —> £00) =0

Opp, (t5, 0, 4 A3.11
le(@?(D 7o) B Wi ( Po1(t5: 0, ¥p) — Pos(to yD)) ( )
op,(ty,0, 4 A3.12
pz(aDXD Yo) =WfD(pr2(tD’yD)_pDZ(tD’O’ yD)) ( )
o , A3.13
_9Pp 1(6;-(D Yo) — "o ( Poras (to s ¥o) = Poar (to: 0, yD)) ( )
(A3.14)

0 t.,0, 4
Pos: (6;.3 Yo) _ e (Poraz(tor ¥Yo) = Poaz (5.0, ¥5))

In order to convert the system of partial differential equations into a system of ordinary

differential equations, we apply Laplace ( £ ) and Fourier ( F) transforms on time and y-direction
variables (Equations (A3.15)-(A3.16)).

Bp(x.y,5) = £ [Ap(x y.)] = [, Ap(x, y,t)e (A3.15)

A_p(X, w, S) = f [A_p(X, Y, S)] = J.j: A_p(X! Y, s)eiwydy (A316)
where w and s are Fourier and Laplace Variables. The system of ordinary differential equations

in the Laplace-Fourier domain is shown below.

o’p - 1

aXDgl ~ A%B,, +g§(XD ~1)=0 (A3.17)
o°p =

—@XDDZZ ~ APy, =0 (A3.18)
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2=
a —~ FMDal

2_ —
P — A, Pou = (A3.19)
62_Daz
ox 2 — Ay’ Poar =0 (A3.20)

Next, we convert Equations (5)-(8) to dimensionless form:

le(S 0, 0)) o

—A P (5, a))+ “ (Por1 — Por2) =@ (Pory = Porar) =0 (A3.21)
a, OXp a,

A:*Por, (5, 0) —— Dza( ) = (pr1 prz)__ZZ(prz_ Poraz) =0 (A3.22)
y XD I‘D

= 1 —0Ppy(s,0,0) @, = = - =
—A P (5, @) —— pD‘g( ) _ (Potar — Potaz) + &, (Pors = Porar) =0 (A3.23)
X 2a

y y

= 1 OPp,,(s,0,0) «a,
_Afzpraz (s,0)—— Posa( ) (pral pra2)+
a OX

y D y

L, 5 (Por2 = Pormz) =0 (A3.24)
Boundary conditions in Laplace-Fourier domain:

E 1(X —> %0, Yp, D)_ pDZ(X —> %0, Yp, D) pDal(XD —> O, yD’tD)

1 A3.25
= Ppaz (XD — =%, yD’tD) =0 ( )
a: t ,0, = =
le(alj( yD) —a, ( le(S, 0, w) — prl(S’ a,)) (A3.26)
D
B, (5,0, ho, (= _
pDza(S ) — ¢, 02 ( Dor2 (S, @) — Pp,(S,0, a))) (A3.27)
Xp To,
6= ,0, h a. = =
~ Pou(8.0.0) _ ) Pow (5 (5,0) — Fpus(5,0,)) (A3.28)
aXD Dal
8= S,O, h a2 (= =
pDagaf ) =a, Da2 ( Poras (S, CO) — Poas (S, 0, a))) (A329)
XD TDa2

Next, we derive the solution in the Laplace-Fourier domain:
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S a
Boy :ﬁ( o)+ Ce e (A3.30)
Pp, =C,e%° (A3.31)
EDal = CseiAﬂXD (A3.32)
5Da2 = C4eAaZXD (A3.33)

Combining Equations (A3.21)-(A3.24) with the boundary conditions (Equations A3.25-
A3.29), the coefficients C1-C4 are calculated by the system of linear equations shown in Equation

(3.53).
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