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ABSTRACT

The hazards of fault reactivation caused by fluid injection are a growing concern. However, traditional
evaluation methods of fault stability are likely to underestimate the risk in fault segments with a high
clay content. Therefore, an extended evaluation method of fault stability (ECPP) incorporating the het-
erogeneity in friction strength caused by variation in the clay content within the fault zone is established
in this study. After characterizing the current stress field of the BZ34-2 Qilfield in the Huanghekou Sag,
Bohai Bay Basin, the reactivation potential of faults is evaluated using both traditional and ECPP methods.
Traditional evaluation of fault stability shows that all faults are stable in the present stress field. Faults
oriented ENE have a relatively high risk. The maximum sustainable fluid pressure Ap is approximately 8.8
—8.9 MPa and 9.3—9.9 MPa. When considering the heterogeneity in fault friction strength, the fault
stability is clearly controlled by the clay content of the faults. The high-risk fault segments assessed using
traditional methods are no longer obvious, which reflects the importance of incorporating friction
strength heterogeneity in the process of fault evaluation. Moreover, the results also show that most fault
segments are activated when the fault zone is dominated by montmorillonite, reflecting the strong in-
fluence of clay mineral types on fault stability. The factors influencing the heterogeneity of fault friction
strength are very complicated in actual situations. Therefore, future work should focus on establishing a
database through a large number of experiments and investigating the relationship between the friction
coefficient and the main controlling factors.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

Frohlich, 2013; Amiri et al., 2019). Injecting a massive volume of
fluid into a fault-bounded reservoir increases the reservoir pres-

The risk of fault reactivation is important in many fields related
to geological engineering, e.g., fluid waste disposal (Ellsworth,
2013; Manga et al., 2016; McGarr and Barbour, 2017), storage of
CO, (Kaven et al., 2015; Gamboa et al., 2019; Williams-Stroud et al.,
2020), storage of natural gas (Cesca et al., 2014; Meng et al., 2017;
Zhang et al,, 2022), and enhanced oil recovery (EOR) (Gan and
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sure, reduces the effective normal stress acting on preexisting
faults, and eventually results in fault reactivation, as indicated by
Amonton's law (Jaeger and Cook, 1979).

Earthquakes are a form of fault reactivation, many of which are
induced by massive fluid injection (Healy et al., 1968; Raleigh et al.,
1976; Zoback and Harjes, 1997; Ellsworth, 2013; McGarr and
Barbour, 2017), and quite a few have magnitudes greater than 6
according to the HiQuake database (Wilson et al., 2017). The po-
tential hazards of such reactivation have been investigated by many
researchers in the past decade, e.g., casing shear failure (Dusseault
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et al,, 2001; Mohammed et al., 2019; Xi et al., 2019), breaching trap
integrity by creating or enhancing leakage conduits (Wiprut and
Zoback, 2002; Langhi et al., 2010), fluid escape to the seafloor by
seafloor-connected faults (Liu and Xi, 2012), and borehole insta-
bility during drilling (Willson et al., 1999).

Given this, many evaluation methods have been established to
recognize potential risky fault segments, such as Ts—slip tendency
(Morris et al., 1996), Td—dilation tendency (Ferrill et al., 1999),
CFF—Coulomb failure function (Castillo et al., 2000), CPP—critical
pressure perturbation (Wiprut and Zoback, 2002) and FAST—fault
analysis seal technology (Mildren et al., 2005). The difference be-
tween CPP and FAST is that the latter incorporates the cohesive
strength of faults, which is often negligible for shallow faults, and
the other details of these methods have been summarized in
(Mildren et al., 2005). However, in the process of fault stability
evaluation using the above parameters, the friction coefficient of
the whole fault is often set to 0.6 or another single value (Wiprut
and Zoback, 2002; Mildren et al., 2005; Schwab et al., 2017,
Leclere and Calais, 2019), and there is no consideration of the
heterogeneity in fault friction strength, which is controlled by
many factors, e.g., clay content (it refers to volume percentage in
this paper) (Shimamoto and Logan, 1981; Takahashi et al., 2007;
Tembe et al., 2010), particle characteristics (Anthony and Marone,
2005), wetness (Morrow et al., 2000; Bullock et al., 2015), tem-
perature (Verberne et al., 2010; Zhang and He, 2013), and effective
normal stress (Saffer and Marone, 2003; Moore and Lockner, 2008;
Behnsen and Faulkner, 2012; Haines et al., 2013). The effect of clay
content on friction strength is particularly significant, and the dif-
ference in the friction coefficient between pure sandstone and clay
is mostly located at 0.41—0.58 according to the statistics from Meng
et al. (2017). However, for a fault developed in a reservoir with a
small depth range, other factors will not change significantly except
for the fault clay content. In addition, compared with other factors,
the influence of fault clay content on friction strength is more
obvious (Shimamoto and Logan, 1981; Logan and Rauenzahn, 1987;
Brown et al., 2003; Saffer and Marone, 2003; Takahashi et al., 2007;
Crawford et al., 2008; Tembe et al., 2010). Given this, Meng et al.
(2017) attempted to integrate the heterogeneity of friction
strength into the evaluation of fault stability. However, the method
used in the paper is to take three fixed values in the clay content
ranges of 0%—20%, 20%—40% and 40%—100%, which is not very
suitable for actual geological situations due to the lack of continuity
of the fault friction coefficient. At the same time, the influence of
clay mineral types on fault stability has not been analyzed.

BZ34-2 is an offshore oilfield that began depleted production in
June 1990 (Zhou et al., 2005). After a very short time, the oilfield
entered the water injection stage in September 1992. During the 30
years of water injection, scholars have not paid much attention to
the in-situ stress and fault risk, and no relevant literature has been
published. In view of the hazards of fault reactivation to oilfield
production, ecosystems and human habitations, it is critical to
analyze the geological characteristics of risky fault segments and
determine the maximum sustainable fluid pressure (Ap) for safe
and efficient production.

Therefore, following Meng et al. (2017), the extended evaluation
method for fault stability is established considering the heteroge-
neity of fault friction strength caused by the variation in clay con-
tent within fault zones in this paper. To illustrate the necessity of
this extended method, the faults of the BZ34-2 Qilfield are evalu-
ated under two cases with Ap (see below for more detail) as the
comparison parameter, based on the in-situ stress interpretation
results. In one case, the friction coefficient is set to 0.6, and in other
cases, the friction coefficient is set as a function of the fault clay
content.
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2. Geological setting

The Bohai Bay Basin is the most petroliferous basin in China,
accounting for nearly one-third of the total oil production of the
country (Hao et al., 2010; Tian et al., 2014; Wang et al., 2022). Many
scholars believe that the Bohai Bay Basin is a Cenozoic rift basin
reformed by syngenetic strike-slip faults, including the western
Taihangshan fault and eastern Tan-Lu fault (Hsiao et al., 2004; Qi
and Yang, 2010). It underwent a synrifting stage in the Paleogene
and a postrifting thermal subsidence stage from the Neogene to the
present (Allen et al., 1997; Hsiao et al., 2004; Mao et al., 2019, 2021).
The regional stress orientation of the Bohai Bay Basin is NEE (Hu
et al.,, 2017), mainly from the combined effect of Pacific plate sub-
duction and the push of the Philippine plate (Hu et al., 2017).
Located in the eastern Bohai Bay Basin (Fig. 1a), the Huanghekou
Sag is in a half-graben shape, which faults in the northern part and
overlaps in the southern part, with the Bonan uplift to the north
and the Laibei uplift to the south (Sun et al., 2011).

The BZ34-2 OQilfield is located in the center of the Huanghekou
Sag, Bohai Bay Basin (Fig. 1a) and is characterized by a faulted
anticline with two sets of NE-striking and nearly E-W-—striking
normal faults (Fig. 1b). The Shahejie Formation, composed of lower
Oligocene and upper Eocene strata, is one of the main oil-bearing
intervals with fan delta deposits. The reservoir is dominated by
feldspar-quartz sandstone, with grains that are poorly rounded and
sorted and with a porosity range of 8.6—16.9% and a permeability
range of 0.5—330 x 1073 um? (Wang, 2016). The oilfield is divided
into the North Block (bounded by faults F15, F30, F31 and F32), the
Central Block (bounded by faults F30 and F31) and the South Block
(bounded by faults F31, F35, and F68) (Fig. 1b). The North Block and
the Central Block, the target areas of this study, are the main oil
production regions and feature a relatively high well density. The
Shahejie Formation can be divided into four oil-bearing members:
Mbr 1 (developed only in the South Block), Mbr 2, Mbr 3 and Mbr 4
from top to bottom with burial depths of 3000—3500 m. The three
blocks have different OWCs (Fig. 1c), indicating that the partial
trap-boundary faults (F30, F31, F32 and F15) are sealing, which will
result in overpressurization during water injection and may cause
the fault to slip. Note that the Penglai19-3 OQilfield, located
approximately 54 km to the northeast of the BZ34-2 Oilfield
(Fig. 1a), is an example of oil seepage to the seafloor due to a high
injection pressure (Liu and Xi, 2012). Therefore, the injection
pressure should be minimized to prevent fault slippage, but this is
not conducive to an increase in oil field productivity. Therefore, the
critical pore pressure of the faults needs to be predicted to optimize
the injection pressure.

3. Data and methods
3.1. Traditional evaluation method of fault reactivation

According to brittle failure theory (Jaeger and Cook, 1979), the
stability of faults is mainly controlled by the stress acting on the
fault plane, pore pressure, fault friction coefficient, and fault
cohesion. For an ideal flat fault plane, the normal stress and shear
stress can be calculated by Eqgs. (1) and (2), corresponding to one
point in the normal stress and shear stress coordinate system
(Fig. 2). However, the actual fault surface is always irregular. In this
case, the fault surface needs to be divided into small elements to
calculate their stress state and then analyze the reactivation pos-
sibility of every fault element (Streit, 1999; Gamboa et al., 2019). An
increase in the pore fluid pressure will result in all effective prin-
cipal stresses decreasing by the same magnitude, which eventually
causes Mohr's circle to move to the left. As the pore pressure
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increases by Ap, the point representing a fault element will touch
the envelope, indicating that the corresponding fault element will
begin to slip or dilate (Wiprut and Zoback, 2002; Taghipour et al.,
2019). Hence, it is a good way to use Ap, the fluid pressure
required for fault slip from its initial state to the critical stress state,
to describe the likelihood of fault reactivation. Ap > 0 indicates that
additional fluid pressure can still be sustained; conversely, Ap < 0
indicates that a fault element is in a critical stress state and has
great potential for reactivation.

(1)

0n =01 COS%an + 05 €056, + 03 COS%y,,

T= \/a% cos2ay + 0% cos?f, + 03 cos?y, — 02 (2)
where o, and 7 are the effective normal stress and shear stress,
respectively; ¢1, 02 and ¢3 are the maximum, intermediate and
minimum effective principal stresses, respectively; and ay, 85, and
vn are the angles between the effective principal stresses and the
normal to the fault element (Fig. 2).

The cohesion of a preexisting fault is generally heterogeneous in
the range from 0 to 10 MPa (Meng et al., 2017), which is often
neglected for shallow faults; therefore, Ap can be expressed as
follows (Apincohesive in Fig. 3):

Ap=on—7/p (3)

According to Wiprut and Zoback (2002), Eq. (3) is the form of
critical pressure perturbation (CPP). In a traditional evaluation
process, the coefficient of static friction u is recommended to be set
to 0.6 (Zoback, 2007; Sibson, 2017).

3.2. Extended evaluation method of fault reactivation

However, the friction strength of different parts of the fault will
show some heterogeneity due to the influence of the fault gouge,
and the overall trend was a decrease in strength with increasing
clay content (Shimamoto and Logan, 1981; Takahashi et al., 2007;
Tembe et al., 2010). The weakening effect of the fault gouge on the
friction strength is mainly controlled by three mechanisms. The
first is the particle characteristics, such as size, shape and rough-
ness (Anthony and Marone, 2005). In friction deformation, fault
rock with a large particle size and high grain angularity requires
additional shear stress to generate a larger expansion space for
rolling deformation, so fine-grained and ultrafine-grained fault
gouges have relatively low friction strength. Second, most clay
minerals have a layered structure (Summers and Byerlee, 1977), and
bonding forces between structural layers are lower than those in
nonlayered-structure minerals, resulting in a lower friction
strength for clay minerals. Third, foliated structures are usually
developed in clay minerals (Collettini et al., 2009; Hellebrekers
et al,, 2019); these structures are smooth planar structures that
can restrain cataclasis and have less frictional resistance than other
parts of fault zones, which significantly weakens the macroscopic
frictional strength of a fault.

Based on the CPP, this paper establishes the extended method
for fault stability evaluation (ECPP) incorporating the heterogeneity
in friction strength caused by variation in the clay content within
fault zones. Therefore, Ap can be expressed by the following
equation:

(4)

where Vy, is the fault clay content and w(Vsp) is the friction coeffi-
cient as a function of V. For the calculation of fault clay content,
the most widely used is the shale gouge ratio (SGR) algorithm

Ap=on — 7/ u(Vsn)
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(Knipe et al., 1997; Yielding et al., 1997; Pei et al., 2015), which is
also often used as a proxy for fault zone heterogeneity to evaluate
the heterogeneous permeability of faults and to predict the hy-
drocarbon column height sealed by faults (Eq. (5)).

>"[(Zone thickness) x (Zone clay fraction)]

SGR= Fault throw

x100%  (5)

where “Zone clay fraction” is derived from logging interpretation
and in the form of volume percentage.

In Eq. (4), the unknown variables ¢, and 7 can be calculated
based on the interpretation results of in-situ stresses (see section
3.3). Therefore, the most important part is to establish the rela-
tionship between the clay content and the friction strength, which
can be performed through a large number of experiments, e.g.,
direct shear (Delle Piane et al., 2016), triaxial friction apparatus
(Kohli and Zoback, 2013), and ring shear (Cuisiat and Skurtveit,
2010). Due to the limited availability of core samples, this study
uses the data from previous friction strength experiments (Table 1)
to characterize the heterogeneity in fault friction strength to
illustrate the feasibility of the ECPP and the impact of friction
strength heterogeneity on fault stability.

Compared with the clay weight, the friction coefficient of clay-
sand mixtures is more closely related to the clay volume (Osipov,
2011). Therefore, the volume percentage is more significant,
which is also consistent with the physical meaning of the SGR.
During hydration, clay minerals exhibit a property of decreasing
density. Adsorption of water molecules on the internal basal sur-
faces will increase the distance between structural layers, resulting
in intracrystal swelling and volume increase. A previous study
showed that the density of smectite group minerals decreases by
approximately 25% when wetted compared with the density in the
nonhydrated state (Takahashi et al., 2007). However, kaolinites and
illite have less effect on intracrystal swelling (Osipov, 2011), so the
weight and volume percentages are very close. Only the data from
Tembe et al. (2010) and Crawford et al. (2008) are weight per-
centages in Table 1. Clay minerals include Kkaolinites, illite and
montmorillonite, of which montmorillonite needs to be converted
to volume percentage. The densities of saturated montmorillonite
and quartz are approximately 2.1 g/cm? (Takahashi et al., 2007) and
2.64 g/cm?, respectively, according to which the calculation of
volume percentage is performed. Data from Logan and Rauenzahn
(1987), Brown et al. (2003) and Crawford et al. (2008) are obtained
by using GetData software to read the scatter plot of the original
paper, which may have minor errors.

3.3. Determination of the in-situ stress

It is often assumed that in-situ stress can be expressed by the
vertical stress, maximum horizontal principal stress, and minimum
horizontal principal stress under the ground. In addition, their
effective stresses are related to pore fluid pressure. The vertical
stress can be calculated by bulk density logs. For horizontal stress,
the most reliable method is direct measurement, e.g., LOTs (leak-off
tests), XLOTs (extended leak-off tests) (Gaarenstroom et al., 1993),
HF (hydraulic fracturing), and HTPF (hydraulic testing of preexist-
ing fractures) (Haimson and Cornet, 2003). Unfortunately, these
tests are not widely performed during exploration drilling, and only
a small amount of XLOT data in neighboring areas can be refer-
enced. At the same time, the Huang model, a pore elastic method
mainly using dipole sonic data to calculate the horizontal stress
(Huang, 1984), is used to obtain continuous stress data. The key
parameter, the tectonic stress coefficient, needs to be calibrated
(see section 3.3.2 for details). Pore pressure can be obtained by
direct measurement (such as drillstem tests/DSTs, repeat formation
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tests/RFTs and modular formation dynamics tests/MDTs) or indirect
prediction from related data, such as seismic data (Pennebaker,
1968; Guerra et al., 2019), well logging data (Eaton, 1969; Tingay
et al,, 2009) and mud weight data (Mouchet and Mitchell, 1989;
Tingay et al., 2013). In this paper, only RFT data are available for the
determination of pore fluid pressure.

3.3.1. Stress orientation

The stress orientation can be obtained from wellbore phenom-
ena of borehole breakouts (BOs) and drilling-induced tensile frac-
tures (DIFs) (Zoback et al., 1985; Lai et al., 2018, 2019), focal
mechanisms (Michael, 1987), and hydraulic fracturing tests
(Haimson and Cornet, 2003). Unfortunately, no relevant data were
collected in this study, but a previous study showed that the
orientation of Symax varies from 64°N to 75°N in the Huanghekou
Sag (Xu et al., 2011), with little difference horizontally and vertically
(Table 2). In addition, the world stress map (Heidbach et al., 2016)
shows that there are two kinds of in-situ stress states near the
BZ34-2 Qilfield (Fig. 3): the strike-slip stress regime and the normal
faulting stress regime, both of which are derived from focal
mechanisms with an orientation close to ENE, which is basically
consistent with the statistical results of Xu et al. (2011).

3.3.2. Stress magnitude

The vertical stress is mainly caused by the weight of the over-
burden, which can be obtained by integrating data from bulk
density logs:

h
Su = puhw + [p(h)gdh (6)

0

where S, is the vertical stress; py is the density of water (1.03 g/cm>
for this study); hy is the water depth (average depth is 20 m in the
study area); p(h) is the bulk density as a function of depth; g is the
gravitational acceleration constant; and h is the burial depth below
sea level. Because wellbore enlargement will lead to a low density,
the anomalous data are removed according to the caliper logging
data.

Log-based algorithms for predicting horizontal stress mainly
include two categories, namely, the Eaton model and extended
Eaton model. The former only considers the Poisson effect of
overburden, while the latter also incorporates the effects of
poroelasticity and tectonic loading (e.g., Amadei et al. 1987;
Thiercelin and Plumb, 1994). Huang model is one of the extended
Eaton models, as shown in Eqgs. (7) and (8), where vsta/(1-vsta)(Sv-
app) represents the contribution of the Poisson effect from the
overburden, and 8n(Sv-app) and Bu(Sy-app) represent the influence
of tectonic stress.

Vsta
Shmin = (l Vs

- p’h) (Sv—app) +app (7)

Vsta
SHmax = (-1 Vet
— Vsta

where Sy, Shmin, and Symax are the vertical stress, minimum hori-
zontal stress and maximum horizontal stress, respectively; v, is
the static Poisson's ratio, which can be obtained through dynamic

Petroleum Science 20 (2023) 2695—2708

Poisson's ratio conversion; @ and @y are the tectonic stress co-
efficients in the directions of Shmin and Symax, Tespectively; p;, is the
pore pressure; and « is the Biot coefficient. The Poisson's ratio,
tectonic stress coefficient and Biot coefficient are intermediate
parameters, which need to be calculated first.

The calculation of the dynamic Poisson's ratio is performed
using dipole sonic log data and density log data according to the
following equations:

0.5At2 — At2
Vdyn = 2713 9)
Atz — At
where At is the compressional slowness, At; is the shear slowness
of the formation, and v4y, is the dynamic Poisson's ratio. We have
followed the empirical relationship (Lin et al., 1998) to estimate the
static Poisson's ratio.

The Biot coefficient is a mechanical property of porous elastic
materials that reflects the contribution of pore pressure to the
stress of the material skeleton in porous elastic media. The calcu-
lation method is shown in Eqgs. (10)—(12).

3At2 A2
Cma = e (10)
Pma (3At12ns - 4Atr2np>
3A2AE2
G, = TV sTP (11)
b (3At52 - 4Atg)
_ Cma
a=1- T (12)

where pma is the matrix density (2.65 g/cm? for this study); pp is the
bulk density of the formation; Aty is the compressional slowness
of the matrix (333 ps/m for this study); Aty is the shear slowness
of the matrix (168 ps/m for this study); Cna is the compressibility of
the matrix; C, is the bulk compressibility; and « is the Biot
coefficient.

The tectonic stress coefficients (8, and fy) in the direction of the
maximum and minimum horizontal stresses need to be inverted
from the measured horizontal stress according to Eqgs. (6) and (7).
Since no HF tests have been performed in the BZ34-2 Qilfield, LOT
and XLOT data are used to calculate Symax and Spmin (Table 3 and
Fig. 4b). The magnitude of Spnip is often represented by the lower
envelope of the LOP (leak-off pressure) (Gaarenstroom et al., 1993),
while the magnitude of Symax can be calculated by the
Hubbert—Willis equation (Eq. (13)) under the condition that the
tensile strength of the borehole wall is known.

SHmax = 3Shmin — FBP —pp + T (13)

where Symax and Spmin are the maximum horizontal principal stress
and minimum horizontal stress, respectively; FBP is the formation
breakdown pressure (Fig. 4a); pp is the pore pressure; and T is the
tensile strength of the borehole wall.

Fig. 1. (a) The location of the BZ34-2 Qilfield in the Huanghekou Sag, Bohai Bay Basin. (b) Top surface structural map of Mbr 2 in the BZ34-2 Qilfield and oil-bearing area dis-
tribution. The deep blue arrow line is the trace of Fig. 1c. (c) Reservoir profile across wells BZ-4D, BZ-P4, BZ-1, BZ-2AD and BZ-P7. The South Block has two oil-water contacts
(OWCs): the depth of the upper OWC is 3288 m below the surface, and the depth of the lower OWC is 3418 m. The depth of the OWC in the Central Block is 3380 m, and the depth of
the OWC in the North Block is 3472 m. The difference in the OWCs indicates that F15, F30, F31, and F32 act as seals for oil in the North and Central Blocks.
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4. Results
4.1. Stress orientation and magnitude

The orientations of Symax in wells BZ-P3 and BZ-P5 are 70° and
75°, respectively, in the BZ34-2 Qilfield (Table 2), so the average
value of 72.5° is used to evaluate the fault stability in this paper.
Previous studies have shown that the Shahejie Formation is a
normal pressure system with a pressure coefficient (ratio of for-
mation pressure to hydrostatic pressure) between 0.824 and 1.023
(Qi et al., 2005). At the same time, through the measured pressure
data of wells BZ-P1S, BZ-2AD and BZ-P5, it is further confirmed that
the fluid pressure in the BZ34-2 Oilfield is close to hydrostatic
(Fig. 5). The integration of bulk density logs shows that the vertical
stress gradient is 19.8—22.5 MPa/km (Fig. 5).

The results of a triaxial compression test at 2800 m in well BZ-1
show that the cohesion Cis 19.3 MPa, assuming that the rock failure
obeys the composite Griffith—Coulomb failure criterion, whereby
T = C/2 = 9.65 MPa. The tensile strength is negligible when there
are cohesionless preexisting fractures in the borehole wall and
close to intact rock with almost no permeable fractures in the
borehole wall. Accordingly, the range of Symax at 2800 m is calcu-
lated under the assumption that the tensile strength is between
0 and 9.65 MPa, and the results are shown in Table 3 and Fig. 5.

2700

According to this result, the coefficients of tectonic stress 8, and fy
can be inversely calculated with Eqgs. (7) and (8). After best fitting,
Bh and Py are 0.288 and 0.502—0.722, respectively. The interpre-
tation result of horizontal stress is shown in the sawtooth line of
Fig. 5, which indicates that the stress regime is between the normal
faulting stress regime (Sy > Sumax > Shmin) and the transitional
stress regime (Sy = SHmax > Shmin)-

4.2. Risk analysis of fault reactivation under homogeneous friction
strength

The stress ratio @ = (S, — S3)/(S1 — S3) strongly affects the
sensitivity of fault stability to variations in strike (Morris and Ferrill,
2009). The closer @ is to 0.5, the higher the sensitivity of fault
stability is to strike. In contrast, the closer the value of @ is to 0 or 1,
the lower the sensitivity of fault stability is to strike. In this study,
the uncertainty of Symax (S2), S1 = Sy, is expressed by the change in
&. According to the interpretation results of Symax in section 4.1, the
value of @ is between 0.52 and 1. Within this interval, the sensitivity
of fault stability to strike decreases gradually with increasing @. It
should also be noted that the variation in ¢ has no influence on the
risk of optimally oriented faults but has a great effect on nonop-
timal faults (Morris and Ferrill, 2009). Therefore, this paper uses
two boundary values (Symax-1 and Symax-u) of SHmax to evaluate the
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Table 1
Experimental data statistics of the relationship between the content (volumetric ratio) of different types of clay minerals and the friction coefficient (Lupini et al., 1981; Logan
and Rauenzahn, 1987; Brown et al., 2003; Takahashi et al., 2007; Crawford et al., 2008; Tembe et al., 2010).

Mineral mixtures Total clay Friction = Apparatus Shear Shear rate, Normal stress ay,/ Water References
volumetric coefficient displacement  mm/s confining pressure p.,  condition
ratio MPa
Bentonite + quartz 0.00 0.59 Ring shear Approach <5.0 x 1073 0.35 (ay,) Deionized Lupini et al.
0.13 0.59 steady-state water (1981)
0.26 0.44 sliding saturated
0.40 030
0.53 0.12
0.66 0.10
0.88 0.11
Montmorillonite + quartz 0.00 0.51 Triaxial saw-cut Approach 1.0 x 10°° 50 (p.) Distilled water Logan and
0.05 0.54 configuration steady-state —1.0 x 107! saturated Rauenzahn
0.15 0.51 sliding (1987)
0.25 0.49
0.49 030
0.75 0.15
1.00 0.13
Smectite + quartz 0.00 0.60 Ring shear Approach 15x 1073 1-2(0p) Seawater Brown et al.
0.13 0.58 steady-state saturated (2003)
0.25 0.51 sliding
0.37 042
0.48 0.37
0.59 0.25
0.69 0.22
1.00 0.10
Illite + quartz 0.40 0.43 Ring shear Approach 15 x 1073 <2 (op) Seawater Brown et al.
0.50 0.36 steady-state saturated (2003)
0.60 0.32 sliding
0.70 0.26
0.99 0.20
Montmorillonite + quartz 0.00 0.68 Triaxial saw-cut 2.2 mm 1.2 x 1073 75 (effective o) Distilled water Takahashi et al.
0.06 0.69 configuration saturated (2007)
0.12 0.60
0.18 0.60
0.24 0.53
0.29 0.48
035 0.44
045 0.38
0.50 0.30
0.55 0.25
0.65 0.19
0.79 0.18
0.93 0.10
1.00 0.08
Kaolinite + quartz 0.00 0.68 Triaxial saw-cut 5% (shear strain) 0.3 x 107> 50 (effective p.) Distilled water Crawford et al.
0.00 0.67 configuration saturated (2008)
0.10 0.65
0.20 0.60
0.30 0.51
0.40 0.45
0.40 0.42
0.50 043
0.50 0.42
1.00 0.28
Montmorillonite + quartz 0.00 0.66 Triaxial saw-cut 2.3 mm 1.0 x 103 40 (effective ay,) Deionized Tembe et al.
0.06 0.65 configuration water (2010)
0.18 0.63 saturated
0.30 0.46
0.56 0.21
0.79 0.16
1.00 0.12
Illite + quartz 0.00 0.66 Triaxial saw-cut 2.3 mm 1.0 x 1073 40 (effective ay,) Deionized Tembe et al.
0.15 0.63 configuration water (2010)
0.25 0.55 saturated
0.50 0.44
0.88 0.29
1.00 0.26
Montmorillonite + illite + quartz 0.00 0.66 Triaxial saw-cut 2.3 mm 1.0 x 1073 40 (effective 0,,) Tembe et al.
0.27 0.66 configuration (2010)

(continued on next page)
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Table 1 (continued )
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Mineral mixtures Total clay Friction ~ Apparatus Shear Shear rate, Normal stress 7y/ Water References
volumetric coefficient displacement  mm/s confining pressure p.,  condition
ratio MPa
0.38 0.50 Deionized
0.53 0.32 water
0.77 0.20 saturated
0.95 0.15

Table 2

The orientation of Symax in different oilfields in the Huanghekou Sag (Xu et al., 2011),
which is obtained from BOs (the orientation of the long axis of BOs is perpendicular
to the orientation of Symax) indicated by the four-arm caliper logs. The oilfield lo-
cations are shown in Fig. 1.

Oilfield Well name Depth Orientation of Symax
BZ25-1 BZ25-1-2 2013—2042 m 65—70°

BZ25-1 BZ25-1-5 1575—1659 m 70°

BZ25-1 BZ25-1-3 1800—2470 m 65°

BZ28-1 BZ28-1-1 1495-3100 m 64°

BZ34-2 BZ-P3 1968—3180 m 70°

BZ34-2 BZ-P5 1789-1911 m 75°

fault stability (Table 4).

The evaluation results are shown in Figs. 6 and 7. With
increasing depth, there is no tangent between Mohr's circle and the
failure envelope, and the fault stability is obviously controlled by
fault orientation, with faults that have a strike near ENE and a dip
angle close to 60° being relatively unstable (Fig. 6). For optimally
oriented faults, the Ap is 6.7 MPa at 3100 m and 8.0 MPa at 3500 m
under the two boundary conditions of Symax (Fig. 6). The 4p of
optimally oriented faults increases with depth but is not affected by
the change in Symax (®). The projection points of eight faults on the
stereogram are close to the optimal faults, and their Ap values range
from 5 to 20 MPa. Weak fault segments are located in the middle of
fault F30 (point A in Fig. 7) and at the northeastern end of fault F31
(point B in Fig. 7) within Mbr 2 ~ Mbr 4. When Symax = SHmax-L the
minimum Ap values are 8.9 MPa (point A) and 9.9 MPa (point B)
(Fig. 7a). When Sygmax = SHmax-u» the minimum Ap values are
8.8 MPa (point A) and 9.3 MPa (point B) (Fig. 7b). At point A, with
the change in @ from 0.52 to 1.0, the value of Ap decreases slightly
(0.1 MPa), but at point B, it decreases greatly (0.6 MPa). This may be
related to the projected position of the risk fault segment on the
stereogram: point A is closer to the optimal fault, so the decrease is
smaller.

4.3. Risk analysis of fault reactivation considering the heterogeneity
of friction strength

As mentioned above, only the influence of clay content within
fault zones on the heterogeneity of friction strength is considered in
this paper. The friction strength data are shown in Table 1, and the
generated scatter plot shows that the relationship between the

friction coefficient and the clay content can be expressed by the
tangent function (Fig. 8). However, due to the difference in exper-
imental conditions (such as confining pressure and shear rate) and
clay mineral types, the relationship between the friction coefficient
and clay content is somewhat discrete. On the whole, montmoril-
lonite has a low friction coefficient, while the friction coefficients of
illite and kaolinite are high. Therefore, equations of the upper limit
(Eq. (14)), average (Eq. (15)) and lower limit (Eq. (16)) will be used
to characterize the heterogeneity of friction strength and the sub-
sequent work of the fault stability evaluation. Eqs. (14)—(16) are
fitted by MATLAB software.

4ty =0.1703 tan~'(—7.022V, +3.131) + 0.5013 (14)
fip =0.2105 tan~!( — 4.609Vy;, + 1.834) + 0.4096 (15)
pt3 =0.1729 tan~ 1 (—7.401Vy, +2.971) + 0.3019 (16)

The distribution of SGR in 3-D seismic faults (Fig. 9a) was ob-
tained by the SGR algorithm (Eq. (5)) based on fault throw and
logging interpretation of clay content from 13 wells (all wells
present in Fig. 1b). The kriging method was used to interpolate the
clay content of the host rock between wells. Then, the SGR was
transformed into the friction coefficient by Eqgs. (14)—(16)
(Fig. 9b—d). The results show that the clay content in the eastern
part of the fault is higher. Compared with the other layers, Mbr 2
has a higher clay content, and the corresponding friction coefficient
is smaller. Finally, basic parameters, such as the friction coefficient,
fault strike and dip, in-situ stress (Symax = SHmax-L), and pore
pressure, were used to calculate Ap (Egs. (1), (2) and (4)). The re-
sults show that the high-risk position corresponds to a low friction
coefficient and high SGR (Figs. 9 and 10). A comparison with the
results under the condition of u = 0.6 (Fig. 7) shows that the change
in fault stability with depth is more obvious, which is mainly caused
by the variation in SGR with depth (Fig. 9). In addition, the strong
effect of SGR on fault stability masks the effects of fault orientation,
and the high-risk segments of the middle part of F30 (point A) and
the northeastern end of F31 (point B) under the condition of u = 0.6
are no longer obvious (Fig. 10). More obvious high-risk segments
are located in F61 and F15 (Fig. 10b). When pu=u1(Vsn), the mini-
mum Ap is approximately —2 MPa, corresponding to the fault zone
mainly filled with kaolinite and illite clay minerals, and only partial
fault segments of F61 and F15 reach the critical stress state. When

Table 3
LOP, FBP and interpreted Spmax (SHmax-L iS the lower limit of Symax and Symax-u is the upper limit of Symax) in the surrounding oilfield.
Oilfield Well name TVDSS, m LOP, MPa FBP, MPa SHmax-L, MPa SHmax-u, MPa
BZ34-3 BZ34-3-6 501.5 7.59
BZ34-3-5 507 8.16
BZ34-4 BZ34-4-5 803 13.24
BZ34-4-5 2800 44,55 52.64 53.00 62.56
BZ34-1 BZ34-1N-2 507 9.02

BZ34-1N-1 503 7.16
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Pressure, MPa

Volume or time

Time, minute

Fig. 4. (a) Idealized relationship between pumping pressure and time or volume of injected fluid during an XLOT (Gaarenstroom et al., 1993). (b) An example of the LOT curve of well
BZ34-4-5 at 803 m. The pump pressure is stopped after LOP. The LOP at the surface (LOPs) is 4.89 MPa, which is 13.24 MPa at the bottom hole under a mud weight of 1.06 g/cm®.

= ua(Vsh), the minimum Ap is approximately —15 MPa, corre-

sponding to the fault zone mainly filled with kaolinite, illite and
montmorillonite mixture, and a small part of fault segments are
activated. When p = u3(Vsh), corresponding to the situation in
which clay minerals in the fault zone are dominated by montmo-

rillonite, the minimum Ap is approximately —30 MPa, and most
fault segments are activated. The contribution of montmorillonite
to fault activation has been documented (Numelin et al., 2007;

Rolandone et al., 2008; Collettini et al., 2009; Carpenter et al., 2012),
and montmorillonite can even cause slip along nonoptimal faults,
such as the Zuccale fault (low-angle normal fault) in Elba, Italy
(Collettini et al., 2009) and the San Andreas fault with an angle of
70° between the maximum horizontal principal stress and the fault
trace in California, USA (Rolandone et al., 2008; Carpenter et al.,
2012). Through the comparison of Ap at points A and B under
four conditions of friction strength (Fig. 10d), it is found that in the
last two cases (u = u2 and u3), Ap < 0, especially the fault zone
dominated by montmorillonite (u = us), which fully reflects the
necessity of considering the heterogeneity of friction strength.

5. Discussion

A comparison of the results from two cases (Figs. 7 and 10) in-
dicates that the heterogeneity in the fault friction strength is an
important factor that affects both the critical pore pressure of faults
and the location of risky fault segments. This is of great significance
for related fields such as conventional oil and gas development,
waste fluid disposal, and gas storage. In the process of character-
izing the heterogeneity of fault friction strength, this study uses the
published data of friction experiments, which may not be very
suitable for this paper because of the difference in clay mineral type
and experimental conditions. Therefore, this paper only points out
the feasibility of this extended method and the relative risk
segment of faults, and there is some uncertainty about the absolute
value of the fault stability. In practical applications, it is better to
carry out experiments (ring shear, direct shear or triaxial saw-cut
tests) under in-situ conditions to generate actual friction data to
obtain a more suitable equation for the friction coefficient.

Field measurements of the in-situ stress show that the hori-
zontal stress is highly dependent on lithology (e.g., Warpinski,
1989; Wileveau et al., 2007; Gunzburger and Magnenet, 2014).
According to the extended Eaton models (Amadei et al., 1987;
Thiercelin and Plumb, 1994), which incorporate the effects of elastic
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Fig. 5. Vertical distribution of the in-situ stress and pore pressure in the BZ34-2 Oil-
field. Pore pressure was obtained from RFT data. According to the horizontal stress

calculated from the LOT and XLOT data, the maximum horizontal principal stress is less
than or equal to the vertical

stress, faulting
(Sv > SHmax > Shmin) OT transition stress regime (Sy = SHmax > Shmin) in the BZ34-2
Oilfield. Interpolation mainly uses dipole acoustic data through the Huang model in
the well interval without leak-off data, and horizontal stress curves are converted from
well BZ-1.

indicating either a normal
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Table 4
Parameter settings for fault stability evaluation.
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Input parameter Sv, MPa SHmax-1/SHmax-u» MPa Shmin, MPa Pp. MPa Stress direction, ° Cohesion, MPa Friction coefficient
TVDSS, m 3100 3100 3100 3100 72.5 0 0.6
Gradient, MPa/m 0.0248 0.0212/0.0250 0.0171 0.01
Pressure, MPa 68.71 58.59/68.74 47.61 31
Stimax = Stmat Stimax = Shmaru
g © g ©
] o ]
E 21— Faiure omeiope i E 1 — raiure envlope >
g ¢
= 6.7 MP: e | £ 6.7 MPa
17w j S| 7w
=3 © =3 @
52 o2
& 20=50°] b 20=59°p
0 10 20 30 40 5 30 0 10 20 30 40 5 30
(a) oy, (Effective normal stress), MPa (c) o, (Effective normal stress), MPa
& S &
4 ,0f J 0
= 7 Faiure envelope ¥ 2 "] — rauconaope 2
7 2
E| £ 80OMPa — | &
S| 2 g | 2 104
3 | = # e
w 20=50°p, ~
0 10 20 30 40 50 5 a0 ] 10 20 30 40 50 5 30
(b) o, (Effective normal stress), MPa (d) o, (Effective normal stress), MPa

Fig. 6. Mohr diagram and stereogram of Ap using the Coulomb failure envelope of u = 0.6 at reservoir depths of 3100 m and 3500 m. Red arcs on the stereogram represent two
optimal fault orientations (—17.5° £ 60° and 162.5° £ 60°) for reactivation. (a) Mohr diagram and stereogram at 3100 m under the condition Symax = Symax-1; (b) Mohr diagram and
stereogram at 3500 m under the condition Symax = SHmax-L; (¢) Mohr diagram and stereogram at 3100 m under the condition Symax = Sumax-u; (d) Mohr diagram and stereogram at
3500 m under the condition Symax = SHmax-u- The cross points of different colors are projection points of 8 faults on the stereogram, and A and B are normal projections of fault

elements A and B in Fig. 7.

stresses in a normal stress regime (Sy > SHmax > Shmin)- The hori-
zontal stress is mainly governed by the component from the Pois-
son effect of the overburden, so the adjacent stiff sandstone
normally has a lower horizontal stress. Conversely, in reverse
(SHmax > Sv > Shmin) and strike-slip (Sgmax > Shmin > Sv) stress re-
gimes, the horizontal stress is mainly governed by the tectonic
component, and stiff sandstone will accommodate high stresses, so
the adjacent compliant shale normally has a lower horizontal
stress. In addition, viscoelastic stress relaxation can also cause
stress changes in interbedded layers (Gunzburger and Cornet,
2007; Sone and Zoback, 2014), and the overall effect is to make a
stress state move toward the isotropic state. Therefore, it is equally
important to investigate the dependence of stress on lithology or
clay content to improve the accuracy of fault stability evaluation.

According to previous research (Shimamoto and Logan, 1981;
Morrow et al., 2000; Saffer and Marone, 2003; Anthony and
Marone, 2005; Takahashi et al., 2007; Moore and Lockner, 2008;
Tembe et al., 2010; Behnsen and Faulkner, 2012; Haines et al., 2013;
Bullock et al., 2015), the factors influencing fault friction strength
can be divided into two categories: intrinsic and extrinsic factors.
The intrinsic factors mainly include the particle characteristics and
the type and content of clay minerals; the extrinsic factors mainly
include effective normal stress, wetness and temperature. For a
reservoir with little change in depth, the extrinsic factors do not
change much and can be set to a fixed value during experiments.
For instance, the depth difference of the Shahejie Formation in this
study is approximately 500 m, the change in effective normal stress
is within 12 MPa, and the change in temperature is approximately

(@) Stimax= Shmaxt.

S9MPa  p,,=3000m

- Diss =4000 m

4p, MPa

up 50 200

(b) Stmax = Stimaxu

FosMPa . p,,=3000m

2 Desse =4000 m

Fig. 7. (a) Distribution of Ap on 3-D seismic faults under the condition of Symax = SHmax-L- Risk segments of the fault are located in the middle of F30 and the northeastern end of
fault F31 at the top of E3s1-2, and Ap is 8.9 MPa (point A) and 9.9 MPa (point B); (b) Distribution of Ap on 3-D seismic faults under the condition Symax = SHmax-u, and Ap is 8.8 MPa

(point A) and 9.3 MPa (point B).
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Fig. 8. The relationship between the clay content and the friction strength (detailed data shown in Table 1).

15 °C. According to the results from Saffer and Marone (2003) and
Zhang and He (2013), the change in the friction coefficient is very
small, within 0.02. However, in the case of faults developed in
reservoirs with a large vertical extent and thermal recovery, it is
necessary to take all factors into account as much as possible, which
is very large work. A feasible idea is to build a shareable cloud
database to collect a large amount of data in a short time. Then,
machine learning can be used to study the comprehensive
expression of friction strength applicable to different geological
conditions, which is our future work.

6. Conclusions

An extended evaluation method (ECPP) of fault stability incor-
porating the heterogeneity in friction strength caused by variation
in the clay content within fault zones has been established here.

The basic steps are as follows: first, the distribution of SGR on 3-D
seismic faults is calculated based on logging interpretation of clay
content and fault throw data; then, the relationship between the
friction coefficient and SGR/Vyy, is obtained through a large number
of experiments; and finally, the friction coefficient is integrated into
the Coulomb failure criterion as a function of SGR to calculate the
critical pore pressure of faults.

The in-situ stress was determined by incorporating data avail-
able from core measurements, well logging and well testing data
from boreholes. The stress regime is between Sy > Symax > Shmin and
Sv = SHmax > Shmin With Symax oriented ENE. Based on the inter-
pretation results of in-situ stress, both methods were employed to
investigate the stability of faults. The traditional evaluation result of
fault stability shows that all faults are stable. The relatively risky
fault segments are located in the middle of fault F30 and on the
northeastern end of fault F31 within the top of Mbr 2, and the

(a) Distribution of SGR on
3-D seismic faults

4Dy =3000 M

4 Diaee =4000 m

SGR. %

up
NVE

(b) Distribution of z; on
3-D seismic faults

4Dy =3000 M

4 Dias =4000 m

Friction coefficient

g E o=
NVE 0 08

(c) Distribution of ., on
3-D seismic faults

4Dy, =3000 M

4 Dias. =4000 m

Friction coefficient

(d) Distribution of 5 on
3-D seismic faults

4Dy, =3000 M

4+ Doas =4000 m
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Fig. 9. The distribution of SGR (a) on 3-D seismic faults and friction coefficient distribution under the relationship conditions of the upper limit (b), average (c) and lower limit (d).
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Fig. 10. The distribution of Ap on 3-D seismic faults within Mbr2 ~ Mbr4 under conditions of the upper limit (a), average (b) and lower limit (c) relationships of the friction

coefficient. (d) Results comparison of Ap at points A and B under three conditions.

maximum sustainable fluid pressure Ap of these segments is
approximately 8.8—8.9 MPa and 9.3—9.9 MPa, respectively. When
considering the heterogeneity of fault friction strength, the Ap
value is clearly controlled by the clay content of faults, and risky
fault segments such as F30 and F31 assessed using traditional
methods are no longer obvious, which reflects the importance of
incorporating friction strength heterogeneity in the process of fault
evaluation. It is worth noting that in some cases, the friction
strength is clearly controlled by multiple factors. Future work
should focus on establishing a database through a large number of
experiments and investigating the relationship between the fric-
tion coefficient and variables by machine learning.
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