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Abstract: The sealing of a fault zone has been a focus for geological studies in the past decades.
The majority of previous studies have focused on the extensional regimes, where the displacement
pressure difference between fault rock and reservoir was used to evaluate the fault-sealing property
from the basic principle of fault sealing. When considering the displacement pressure difference,
the impact of gravity on the fault rock was considered, whereas the impact of horizontal stress was
ignored. In this study, we utilize the displacement pressure difference as an index to evaluate the
sealing capacity of strike-slip faults, in which both the impacts of gravity and horizontal stress on
the fault rocks are all integrated. By calculating the values of σH/σV and σh/σV in the vicinity of
fault planes, the coefficient K of compaction impacts on fault rocks between normal stress to fault
planes and gravity was then determined. By revealing the quantitative relationship between the
displacement pressure of rocks, burial depth and clay content, the displacement pressure difference
between fault rocks and reservoirs were calculated. The results suggest that the sealing capacity of
a strike-slip fault is not only related to the magnitude of normal stress to the fault plane, but also
to the stress regime. The clay content is also an important factor controlling the sealing capacity of
strike-slip faults.

Keywords: normal stress of fault plane; strike slip fault; sealing of faults; displacement pressure;
numerical simulation of stress

1. Introduction

In the process of subsurface oil and gas migration and accumulation, faults can be
barriers to hydrocarbon accumulation [1–6]. As the sealing capacity of faults determines
the effectiveness of hydrocarbon traps, the sealing property of fault has been a concern of
many studies [7–12]. Many qualitative and quantitative approaches have been proposed
to evaluate fault seal potential. In the middle of the 20th century, the research on fault
sealing mainly focused on mudstone smear and lithology juxtaposition by considering the
juxtaposition relationship between reservoir and non-reservoir [13] and the mechanism
of capillary sealing [14–16]. Englder (1974) studied the formation mode of fault gouge by
observing the structural characteristics of clastic materials within fault zones, suggesting
that fault gouge is only distributed in the vicinity of shear fractures and large sliding
surfaces, whereas fault rocks are distributed throughout the whole fault zone. In recent
decades, several algorithms have been proposed to evaluate the fault sealing properties
quantitatively, either based on the continuity of clay smears or average clay content within
the fault zones, e.g., Clay Smear Potential (CSP) [17,18], Shale Smear Factor (SSF) [19],
Shale Gouge Ratio (SGR) [20] and Scaled Shale Gouge Ratio (SSGR) [21]. These algorithms
evaluate the fault sealing properties by considering the re-distribution of mudstone/shale
beds or the clay/content of the beds in sheared fractures.
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However, the continuity of clay smearing is determined by a series of parameters
including the sedimentary lithification state, the effective stress, the confining pressure, the
strain rate and the mineralogy [22]. This makes the above-mentioned algorithms subject to
many limitations in practical applications. In particular, some scholars proposed [23–25]
calculating the displacement pressure to evaluate the fault-sealing capacity, suggesting that
a fault, with displacement pressure no smaller than the reservoir rocks, can seal the oil and
gas laterally.

Smith (1966) thought that if the fault has good sealing properties, the fault zone must
have high displacement pressure, or there would be a displacement pressure difference
between the hanging wall and footwall rocks of the fault. Based on Smith’s research,
Lyu (2009) quantitatively analyzed the fault sealing by using the difference between the
displacement pressure of fault rock and reservoir and considered that the displacement
pressure of fault rock depends on the clay content of fault rock and the normal stress on
the fault plane. Fu (2014) improved the algorithm and evaluated the vertical sealing ability
of the fault based on the displacement pressure difference between fault rock and reservoir;
Lei (2019) evaluated the relationship between the SGR value of fault rock and its sealing
capacity based on the displacement pressure difference between fault rock and reservoir.

By considering the displacement pressure difference between fault rocks and reservoir
rocks, many studies were conducted to quantitatively evaluate the fault-sealing capacity of
extensional basins, e.g., the Bohai Bay basin in eastern China, the Yinggehai basin in south
China and the Termit basin in Niger [25–27]. However, due to the weak horizontal compres-
sive stress in the extensional basins in these above study areas, these studies considered the
impact of gravity on fault zones but without the effect of horizontal lateral compression.

However, in the contractional regimes, horizontal stress plays important control in the
fault zone evolution and fault rock development. Therefore, when evaluating the sealing
capacity of fault zones using displacement pressure calculation, not only the gravity but
also the horizontal stress should be considered. In this study, we selected a contractional
basin, the Junggar Basin in NW China, as a template to evaluate fault sealing capacity by
integrating both gravity and horizontal stress. A new method is proposed in this study
to evaluate the sealing behavior of strike-slip faults developed in the Dongdaohaizi sag
in the eastern Junggar basin. Based on the mechanism of fault sealing, the displacement
pressure difference between fault rock and reservoir is taken as an index to quantitatively
evaluate the sealing strength of the strike-slip fault. The normal stress of vertical stress and
horizontal stress on the fault plane is calculated synthetically. The values of σH/σV and
σh/σV near the fault plane are calculated using Formation Micro Image (FMI) logging data
and conventional logging data, and the relationship between comprehensive compaction
of fault rock and vertical compaction is deduced. The orientation of σH near the fault is
also determined by FMI logging data. Based on mercury intrusion experiment data in the
study area, a functional relationship was established; the displacement pressure difference
between fault rocks and reservoir was calculated to realize the sealing evaluation of a
strike-slip fault. This study provides some new understanding of the evolution of fault
sealing in the Dongdaohaizi sag. The evaluation result of fault sealing is confirmed by the
actual production situation.

2. Geological Setting

Tectonically, the Junggar Basin, located in the junction area of the Kazakhstan, Siberian
and Tarim plates, is an important element within the famous Central Asian Orogenic Belt
(CAOB) (Figure 1a) [28–32]. The Junggar Basin is constrained by a number of orogenic belts,
including the Altai-kelameili mountains to the northeast, the Zaire-Hala’alate mountains
to the northwest, and the Yilinheibergen-Bogda mountains to the South (Figure 1b) [33].
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together with fault systems; (d) The north–south seismic section A-A’, showing the distribution of the strata and the major 
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basin formed in the Late Carboniferous due to the collision and amalgamation of the 
CAOB [38,39]. The Junggar Basin entered into an intracontinental depression stage in the 
Mesozoic due to contraction from the northwest and northeast [35,40], forming and reac-
tivating the internal structures within the Junggar basin [38,41]. The reverse boundary 
faults of the Junggar Basin gradually stopped its slip [37,42] from Late Jurassic to Early 
Neogene. From the Neogene to the Quaternary, being affected by the collision between 
the Indian and Eurasian plates, a rejuvenated foreland basin was developed in the Junggar 
area [35,36]. Due to polycyclic tectonic movements that happened in the Junggar basin, a 
series of strike-slip faults were developed in the northwest, southeast and northeast Jung-
gar Basin [43–46]. 

The green rectangle in Figure 1c demonstrates the detailed position of this study, 
which covers the east portion of the Dongdaohaizi sag, together with the east end of the 
Wucaiwang sag, the south end of the Dishuiquan uplift and the north end of the Baijiahai 
uplift. As presented in Figure 1c, complex strike-slip fault systems were developed in our 
study area, including F1 (the Dishuiquan fault), F2, F3, F4 and F5 (the Baijiahai fault). The 
fault systems are primarily NE–SW striking, which is sub-perpendicular to the NWW–
SEE trending Kelameili strike-slip fault to the northeast. Figure 1d is a north–south trend-
ing seismic profile, indicating the development of strike-slip fault systems, including F1, 
F2, F3, F4 and F5. These faults, with high dip angles, offset the Carboniferous, Permian 
and Triassic sediments from the deeper to the upper section. The faults F1 (the Dishuiquan 

Figure 1. Maps showing the tectonics and geological settings. (a) Inset map of the Junggar Basin
(modified from Xu et al., 2015); (b) Satellite image of the Junggar Basin, with study area marked
in the black rectangle; (c) Structural subdivision together with fault systems; (d) The north–south
seismic section A-A’, showing the distribution of the strata and the major faults.

Geophysical data suggest that the Junggar Basin is a complex composite basin that
has endured multiple polycyclic tectonic events [34–37]. Previous studies indicate that
the basin formed in the Late Carboniferous due to the collision and amalgamation of the
CAOB [38,39]. The Junggar Basin entered into an intracontinental depression stage in
the Mesozoic due to contraction from the northwest and northeast [35,40], forming and
reactivating the internal structures within the Junggar basin [38,41]. The reverse boundary
faults of the Junggar Basin gradually stopped its slip [37,42] from Late Jurassic to Early
Neogene. From the Neogene to the Quaternary, being affected by the collision between the
Indian and Eurasian plates, a rejuvenated foreland basin was developed in the Junggar
area [35,36]. Due to polycyclic tectonic movements that happened in the Junggar basin,
a series of strike-slip faults were developed in the northwest, southeast and northeast
Junggar Basin [43–46].

The green rectangle in Figure 1c demonstrates the detailed position of this study,
which covers the east portion of the Dongdaohaizi sag, together with the east end of the
Wucaiwang sag, the south end of the Dishuiquan uplift and the north end of the Baijiahai
uplift. As presented in Figure 1c, complex strike-slip fault systems were developed in our
study area, including F1 (the Dishuiquan fault), F2, F3, F4 and F5 (the Baijiahai fault). The
fault systems are primarily NE–SW striking, which is sub-perpendicular to the NWW–SEE
trending Kelameili strike-slip fault to the northeast. Figure 1d is a north–south trending
seismic profile, indicating the development of strike-slip fault systems, including F1, F2,
F3, F4 and F5. These faults, with high dip angles, offset the Carboniferous, Permian and
Triassic sediments from the deeper to the upper section. The faults F1 (the Dishuiquan
fault) and F5 (the Baijiahai fault) present a fault throw of higher than 500 ms, whereas the
faults F2, F3 and F4 present very limited fault throw.
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The petroleum production data suggest that there are abundant hydrocarbon resources
in our study area. In particular, in the vicinity of the faults F3 and F4, there are important
petroleum findings in the production wells Dinan8 and Dinan081 (Figure 1c,d). The faults
F3 and F4 may play important control on hydrocarbon migration and accumulation here.
Therefore, in this study, the fault F3 and F4 were selected to conduct fault sealing evaluation
to reveal their sealing capacity and controlling parameters.

3. Methods
3.1. Calculation of Clay Content of Fault Rocks

Fault rocks can be developed in a fault zone between the hanging wall and footwall of
the fault during the formation or reactivation of the fault [47,48]. Previous studies suggested
that the clay content of fault rocks are important factors controlling the displacement
pressure of a fault zone [5,6,49].

As the clay of fault rocks derives from the strata of both the hanging wall and the
footwall, the clay content of a fault zone is highly related to both fault throw and clay
contents of stratigraphy in two walls. Normally, smaller fault throw and higher clay
contents of the stratigraphy may result in higher clay content of fault rocks [24,50].

The clay content of fault rocks can be calculated using Equation (1) proposed by
Fristad (1997).

Vfr = (
n

∑
i=1

hi ×Vi
sh)/D (1)

In the above equation, Vfr represents shale content of fault rock, hi represents the
thickness of stratum i, Vi

sh represents clay content of stratum i, n represents the number of
strata sliding through the study point, D represents fault throw.

3.2. Calculation of In Situ Stress of a Fault Plane

It is widely accepted that the in situ stress of a fault plane can be calculated using
well-logging data [51–53]. Specifically, by integrating imaging logging data, conventional
logging data and dipole acoustic logging data, the maximum horizontal stress (σH), (σh),
(σV) curves can be calculated. According to the numerical relationship between σH , σV
and σh, three types of regimes can be classified [54,55], including normal fault regime
(σV > σH > σh, Figure 2a), strike-slip fault regime (σH > σV > σh, Figure 2b) and reverse fault
regime (σH > σh > σV , Figure 2c). The orientation of induced fractures can be interpreted
using the imaging logging data, which then can be used to determine the orientation of
maximum horizontal stress of a fault plane [56–58].
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3.3. Calculation of Equivalent Buried Depth of Fault Rock

Fault rocks are compressed by the component that is perpendicular to the fault plane
of both vertical stress and horizontal stress [59,60]. The magnitude of vertical stress can be
calculated by integration of density logs, and the horizontal stress can be calculated indirectly
by the functional relationship between horizontal stress and vertical stress [58,61,62].

The coordinate system was established (Figure 3a) to calculate normal stress (σT) on a
fault plane (in grey) by integrating vertical stress (σV), maximum horizontal stress (σH) and
minimum horizontal stress (σh). The x-axis, y-axis and z-axis are parallel to the maximum
horizontal stress σH , the minimum horizontal stress σh and the vertical stress σV .
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By integrating the components of σV , σH and σh perpendicular to the fault plane, the
resultant normal stress (σT) acting on the fault plane can be calculated (Figure 3a) using the
following equation:

σT = σV × (cos θV)
2 + σH × (cos θH)

2 + σV × (cos θh)
2 (2)

The ratio between normal stress (σT) and vertical stress (σV) is set as K (i.e., σT/σV) thus,

σT = K× σV (3)

in which θ represents fault dip angle, and α represents the sharp angle between the fault
strike and the maximum horizontal stress σH (Figure 3a,b).

According to the principle of equivalent formation lithostatic pressure (e.g., Lyu et al.,
2009; Fu et al., 2014; Lyu et al., 2016), the equivalent buried depth of fault rock Zh can be
calculated (Equation (4)) as:

Zh = K× Zf × cos θ (4)

in which Z f represents burial depth of fault rock, θ represents fault dip angle.
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3.4. Calculation of Displacement Pressure

Accurate calculation of the displacement pressure of fault rocks and reservoir rocks
is of importance in fault sealing evaluation [63,64]. In this study, 357 rock samples were
collected from the Dongdaohaizi sag. Based on petrophysical testing results of these
samples, a functional relationship between the rock displacement pressures, depth of
burial and clay content was constructed (Equation (5)), indicating a positive correlation
between the displacement pressure and the product of the clay content and the burial
depth [25–27,49].

Pd = f (Z, Vsh) (5)

in which Pd represents the displacement pressure, Z represents the buried depth and Vsh
represents the clay content.

By mathematical regression of the outer envelope curve for all samples, we obtained
Equation (6) to evaluate the largest sealing ability of rock. The equation for the study area
is Equation (6). {

Pd = 0.5104× 10
6×10−4x

ln 10

x = Z×Vsh
(6)

Equation (6) shows that the product of burial depth and shale content of rock has an
exponential relationship with the displacement pressure of rock (Figure 4).

Energies 2021, 14, x FOR PEER REVIEW 7 of 22 
 

 

 
Figure 4. The diagram showing the relationship between displacement pressure of rock with bur-
ial depth and clay content of Dongdaohaizi Sag. 

Equation (6) shows that the product of burial depth and shale content of rock has an 
exponential relationship with the displacement pressure of rock (Figure 4). 

3.5. Calculation of Displacement Pressure Difference 
By integrating Equations (1)–(5), the displacement pressure difference (Pୢ(୤ି୰)) be-

tween fault rock and reservoir rock can be calculated as: Pୢ(୤ି୰) = ݂(Z୦, V୤୰) − ݂(Z୰, V୰) (7)

in which Z୰ represents buried depth of fault rock and V୰ represents the clay content of 
rock. 

4. Results 
4.1. The Variation of α 

The orientation of the maximum horizontal stress near the present strike-slip fault is 
anisotropic [65–67]. Calibration of the orientation of ߪு is an important step in calculating 
the α, which has an impact on the fault sealing. Based on the logging data of the areas, the ߪ௏,  ௛ curves were obtained for the different locations (Figure 5). The orientationߪ ு andߪ
of the ߪு was determined at each location. On the cross-section, the orientation of the ߪு 
at points 2–7 km apart is not the same, and it is important to highlight that the orientation 
of the ߪு of these five positions is different from that of the region. The angle between the ߪு orientation of the northernmost point and the ߪு orientation of the region can reach 
40 degrees (Figure 5a). The orientation difference of the ߪு between the closer points is 
small, while the orientation difference of the ߪு between the farther points is large. On 
the longitudinal section, the orientation of the ߪு is different in different depths at the 
same location (Figure 5b,c). The orientation of the ߪு of adjacent wells Dinan 8 and Dinan 
081 are different in plane and section (Figure 5c). The orientation of ߪு at Dinan 8 and 
Dinan 081 is selected as the orientation of ߪு on the fault plane F3 and F4 in (Figure 5c 
and Table 1), respectively. 

The angle between the maximum horizontal stress and fault F3 strike is 78 degrees 
(αF3), and the angle between the maximum horizontal stress and fault F4 strike is 70 de-
grees (αF4). The change in α angle at F3 has no correlation with depth, the difference be-
tween the maximum and minimum value of α angle is 12 degrees, and α angle is less than 
αF3 (Table 1 and Figure 6a). The decrease in α angle relative to αF3 results in the decrease 
of K (Figure 6c), and Pd (f − r) decreased correspondingly (Figure 6e). There was no correla-
tion between the change in α at F4 and the depth. The difference between the maximum 
value and the minimum value of α was 14 degrees, and α was greater than αF4 (Table 1 
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3.5. Calculation of Displacement Pressure Difference

By integrating Equations (1)–(5), the displacement pressure difference (Pd(f−r)) be-
tween fault rock and reservoir rock can be calculated as:

Pd(f−r) = f (Zh, Vfr)− f (Zr, Vr) (7)

in which Zr represents buried depth of fault rock and Vr represents the clay content of rock.

4. Results
4.1. The Variation of α

The orientation of the maximum horizontal stress near the present strike-slip fault is
anisotropic [65–67]. Calibration of the orientation of σH is an important step in calculating
the α, which has an impact on the fault sealing. Based on the logging data of the areas, the
σV , σH and σh curves were obtained for the different locations (Figure 5). The orientation
of the σH was determined at each location. On the cross-section, the orientation of the σH
at points 2–7 km apart is not the same, and it is important to highlight that the orientation
of the σH of these five positions is different from that of the region. The angle between the
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σH orientation of the northernmost point and the σH orientation of the region can reach
40 degrees (Figure 5a). The orientation difference of the σH between the closer points is
small, while the orientation difference of the σH between the farther points is large. On
the longitudinal section, the orientation of the σH is different in different depths at the
same location (Figure 5b,c). The orientation of the σH of adjacent wells Dinan 8 and Dinan
081 are different in plane and section (Figure 5c). The orientation of σH at Dinan 8 and
Dinan 081 is selected as the orientation of σH on the fault plane F3 and F4 in (Figure 5c and
Table 1), respectively.
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Figure 5. (a) The map shows the orientations of the maximum horizontal stress at different sites in
our study area. The angle between the orientations of σH and the strike of fault F3 is α1; the angle
between the orientations of σH and the strike of fault F4 is α2. The orientation of the regional σH is
located in the lower right corner (provided by Rock Mechanics Research Center, Xinjiang Oilfield
Company, PetroChina, Karamay, China). (b) An example of the high-resolution full-bore Formation
Micro Image (FMI) from the Borehole Dinan081, showing drilling-induced tensile fractures (ESE–
WNW striking) observed at depth of 4042–4047 m and 4158–4162 m (below sea level). (c) S–N section
showing the maximum horizontal stress orientation of each individual layer.



Energies 2021, 14, 1468 8 of 20

The angle between the maximum horizontal stress and fault F3 strike is 78 degrees
(αF3), and the angle between the maximum horizontal stress and fault F4 strike is 70 degrees
(αF4). The change in α angle at F3 has no correlation with depth, the difference between
the maximum and minimum value of α angle is 12 degrees, and α angle is less than αF3
(Table 1 and Figure 6a). The decrease in α angle relative to αF3 results in the decrease of K
(Figure 6c), and Pd (f − r) decreased correspondingly (Figure 6e). There was no correlation
between the change in α at F4 and the depth. The difference between the maximum value
and the minimum value of α was 14 degrees, and α was greater than αF4 (Table 1 and
Figure 6b). The increase of α relative to αF4 results in the increase of K (Figure 6d) and
Pd(f − r) correspondingly (Figure 6f).Energies 2021, 14, x FOR PEER REVIEW 9 of 22 

 

 

 
Figure 6. The bar chart showing the change in K value and displacement pressure caused by the 
change in α. (a) Variation in α near fault F3 (αF3). (b) Variation in α near fault F4 (αF4). (c) Variation 
in K caused by αF3 (KαF3). (d) Variation of K caused by αF4 (KαF4). (e) The change in displacement 
pressure difference caused by KαF3. (f)The change in displacement pressure difference caused by 
KαF4. 

Table 1. The known variables (i.e., deep, θ) and calculated results (i.e., ߪு, ߪ௛, ߪ௏, α, K) of faults F3 and F4 in the research 
area. 

Fault 
Number 

Reservoir 
Number 

Reservoir 
Depth σＨ(psi) σｈ(psi) σＶ(psi) 

In Situ 
Stress Regime α θ K 

F3 

Ⅰ 3878 15715.1 14193.04 13804.24 RF 67 78 1.1795 
Ⅱ 3950 15943.8 14361.17 14098 RF 72 78 1.1791 
Ⅲ 4000 16102.6 14477.92 14302 RF 66 78 1.1629 
Ⅳ 4047 16251.9 14587.67 14493.76 RF 70 78 1.1647 
Ⅴ 4094 16401.2 14697.42 14685.52 RF 68 78 1.1560 
Ⅵ 4131 16518.7 14783.82 14836.48 SF 73 78 1.1602 
Ⅶ 4176 16661.7 14888.9 15020.08 SF 74 78 1.1569 
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Table 1. The known variables (i.e., deep, θ) and calculated results (i.e., σH , σh, σV , α, K) of faults F3 and F4 in the research area.

Fault
Number

Reservoir
Number

Reservoir
Depth σH(psi) σh(psi) σV(psi) In Situ Stress

Regime α θ K

F3

I 3878 15,715.1 14,193.04 13,804.24 RF 67 78 1.1795
II 3950 15,943.8 14,361.17 14,098 RF 72 78 1.1791
III 4000 16,102.6 14,477.92 14,302 RF 66 78 1.1629
IV 4047 16,251.9 14,587.67 14,493.76 RF 70 78 1.1647
V 4094 16,401.2 14,697.42 14,685.52 RF 68 78 1.1560
VI 4131 16,518.7 14,783.82 14,836.48 SF 73 78 1.1602
VII 4176 16,661.7 14,888.9 15,020.08 SF 74 78 1.1569

F4

i 3885 15,737.4 14,209.38 13,832.8 RF 75 79 1.1925
ii 3960 15,975.6 14,384.52 14,138.8 RF 81 79 1.1897
iii 4009 16,131.2 14,498.94 14,338.72 RF 76 79 1.1790
iv 4056 16,280.5 14,608.69 14,530.48 RF 80 79 1.1779
v 4105 16,436.2 14,723.11 14,730.4 RF 74 79 1.1656
vi 4142 16,553.7 14,809.51 14,881.36 SF 78 79 1.1665
vii 4185 16,690.3 14,909.92 15,056.8 SF 84 79 1.1669

The Pd(f − r) calculated using αF3 is larger than the value using α, but the magnitude of
the increase varies from layer to layer (Figure 6e). The Pd(f − r) calculated using αF4 is lower
than the value using α, and the decrease in each layer is not the same (Figure 7f). α was
positively correlated with K and Pd(f − r) (Figure 7). The accuracy of α angle calculation is
positively related to the error.
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4.2. Stress Regime

The reservoir system and fault system of the fault section are shown in (Figure 5c).
The stress values σV , σH and σh of the reservoir are normalized, and ternary diagrams are
drawn to reveal the relationship between the σV , σH and σh. The magnitude of σh, σH and
σV increases as the burial depth increases.

The dispersion of data points indicates that the ratios of (σH/σV) and (σh/σV) are
different at different depths. The stress regime of the fault plane corresponding to each
reservoir is shown in (Figure 7a,b). The stress regime of the fault plane shows that the
upper part (i, ii, iii, iv, v, I, II, III, IV, V) of fault plane F3 and F4 is reverse fault regime, and
the lower part (vi, vii, VI, VII) is the strike-slip fault regime. In these ternary diagrams,
there is little difference in the distribution of stress regime points of reservoirs under the
same stress regime, which indicates that the overall difference of stress regime of each
reservoir under the regime stress mode is not too large.

4.3. The Variation of K

If the horizontal stress is not taken into account, and the rock compaction is completely
provided by the gravity of the overlying strata; according to (Equation (2)), it can be
concluded that the K is equal to (cosθ)2. Therefore, K is 0.0432 near fault F3 and 0.0364
near fault F4 (Table 1); the corresponding Pd(f − r) is shown in (Figure 8c,d). The value of K
calculated by combining the normal stress components of superimposed horizontal stress
and vertical stress is shown in Table 1 and Figure 8,b. It can be seen that the range of K
value increase near F3 fault is 1.1128–1.1363, and the range of K value increase near F4 fault
is 1.1292–1.1561.
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(d) Pd(f − r) value of new and old methods near the F4 fault.

The (I–VII) reservoir near the F3 fault corresponds to an increase in Pd(f − r) in the
range of 0.186–0.227 Mpa (Figure 8c); the (i–vii) reservoir near the F4 fault corresponds to
an increase in Pd(f − r) in the range of 0.170–0.212 Mpa (Figure 8d).

The results show that the increases in K value and Pd(f − r) affected by faults F3 and
F4 are different; the increase in K value of the reverse fault stress regime is greater than
that of the strike-slip fault (Figure 8a,b); the increase in Pd(f − r) value within the depth
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range of reverse fault stress regime is greater than that of Pd(f − r) within the depth range of
strike-slip fault stress regime (Figure 8c,d).

There is a positive correlation between K and Pd(f − r). Considering the compaction
effect of horizontal stress on fault rock, the sealing ability of (F3, F4) fault is obviously
increased compared with that without considering horizontal compression. However, the
increasing degree of Pd(f − r) between fault rock and reservoir is different in different depths
(Figure 8c,d).

4.4. Fault Sealing Capacity

As described in Section 3, the displacement pressure difference between fault rocks
and reservoir rocks can be calculated using Equation (6). In this research, a fault is not
sealed when Pd(f − r) < 0, whereas a fault is sealed when Pd(f − r) > 0; the higher the Pd(f − r),
the better the sealing capacity.

It can be seen from Table 2 that the displacement pressures of reservoir rock in
different layers of well Dinan8 are 0.646–0.704 MPa, and the displacement pressures
of fault rock calculated by the above method are 0.682–0.706 MPa; the displacement
pressures of reservoir rock in different layers of well Dinan081 are 0.630–0.699 MPa, and the
displacement pressures of fault rock calculated by the above method are 0.669–0.687 MPa.
By comparing the displacement pressures of fault rock and reservoir rock, we found
that the displacement pressures of fault rocks in VI,VII, vi, v, vii are all less than that of
reservoir rock, so the fault cannot seal hydrocarbons in these formations. Well testing
results have proved that these reservoir beds are dry layers or water layers, while the
displacement pressures of fault rocks in i, ii, iii, iv, vii, I, II, III, IV, V are all greater than that
of reservoir rock; thus the fault can seal hydrocarbons in these reservoir beds. However,
the displacement pressure difference between fault rock and reservoir rock is different in
different layers, which reflects different sealing capacity. Well testing results have proved
that these reservoir beds are all gas layers or oil layers.

Table 2. The known variables (i.e., Reservoir depth, Clay content of fault rock (Vfr), Clay content of reservoir (Vr) and
calculated results (i.e., Equivalent buried depth of fault rock (Zh), Displacement pressure of reservoir (Pdr), Fault rock
pressure and reservoir pressure difference (Pd(f − r)) of faults F3 and F4 in the study area.

Fault Number Reservoir Number Reservoir Depth Vfr Zh Pfr Vr Pdr Pd(f − r)

F3

I 3878 0.530 482.1 0.682 0.108 0.656 0.025
II 3950 0.550 506.5 0.692 0.112 0.666 0.026
III 4000 0.530 491.8 0.686 0.117 0.676 0.010
IV 4047 0.560 523.8 0.699 0.122 0.686 0.013
V 4094 0.575 541.4 0.706 0.096 0.646 0.060
VI 4131 0.535 506.9 0.692 0.130 0.704 −0.013
VII 4176 0.545 520.7 0.698 0.125 0.698 −0.001

F4

i 3885 0.540 452.0 0.669 0.090 0.630 0.040
ii 3960 0.545 461.7 0.673 0.111 0.664 0.009
iii 4009 0.550 470.3 0.677 0.106 0.659 0.018
iv 4056 0.560 482.2 0.682 0.113 0.672 0.010
v 4105 0.570 494.8 0.687 0.125 0.694 −0.008
vi 4142 0.530 462.7 0.674 0.120 0.688 −0.014
vii 4185 0.540 474.5 0.679 0.125 0.699 −0.020

It can be seen from Figure 8c,d that the displacement pressure difference between
fault rock and reservoir of F3 fault calculated by this method and previous methods ranges
from 0.186 to 0.227 MPa, and that of F4 fault ranges from 0.17 to 0.212 MPa. Because this
method considers the influence of horizontal stress comprehensively, the sealing ability of
fault calculated by this method is greater than that calculated by previous methods, which
indicates that if the influence of horizontal stress on the sealing ability of fault is ignored,
the evaluation result will be lower than the actual value. If the old method is adopted, the
Pd(f − r) of I–VII and i–vii reservoirs are less than zero, which indicates that the oil and gas
of I–VII and i-vii reservoirs cannot be sealed, which is seriously inconsistent with the actual
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situation (Figure 8c,d). In this case, the evaluation result of the new method is consistent
with the actual oil and water distribution, which can prove that this method is scientific
and feasible.

5. Discussion
5.1. Influence of Different Stress Regime

The σh, σV and σH varies with the depth of the fault plane [68,69], and the σh, σV
and σH stress curves near the fault plane will change correspondingly with the change of
geometry and kinematics characteristics of faults [53,70]. The ratios of σH/σV and σh/σV
will change according to the change of stress regime. According to (Equation (3)), it is
obvious that with the change in depth, the stress regime determines the magnitude of
normal stress σT on the fault plane.

It is assumed that the plane is smooth and that the dip and the dip angle are constant
(Figure 9a,b); the reverse fault stress regime (RF), (σH/σV) > 1, (σh/σV) > 1; the stress
regime of the strike-slip fault (SF), (σH/σV) > 1, (σh/σV) < 1; normal fault stress regime
(NF), (σH/σV) < 1, (σh/σV) < 1. The calculations show that KRF > KSF > KNF (Equation (2)).
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Figure 9. (a). The Shale Gouge Ratio (SGR) value of AA′ section is equal to that of BB’ section. In AA′

and BB′ sections, the dip angle and strike of faults are the same, and the stratigraphic characteristics
are also the same. (b) The AA′ and BB′ sections are under different stress regimes. (c) The depth and
stress regimes of AA′ and BB′ are the same. (d) The depths of AA′ and BB′ are different, and the
stress regimes are also different.
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Therefore, although the sealing capacity of AA′ is better than that of BB′ under the
same stress regime (Figure 9b,c), the sealing capacity of AA′ and BB′ are different under
different stress regimes. When the depth is fixed, the value of K determines the magnitude
of normal stress σT (Equation (3)). The difference i sealing capacity can be shown by the
following equations:

Pd(RF) = f (KRF × cos θ × Zh, Vfr)− f (Zr, Vr) (8)

Pd(SF) = f (KSF × cos θ × Zh, Vfr)− f (Zr, Vr) (9)

Pd(NF) = f (KNF × cos θ × Zh, Vfr)− f (Zr, Vr) (10)

From the results presented, it is clear that the stress regime has a large impact on the
fault sealing capacity. Due to the change in stress regime, the sealing capacity of the BB’
plane may be greater than that of the AA′, which is deeper than it (Figure 9b,d).

According to the equations in this paper, for different values of (σH/σV) and (σh/σV)
and the same remaining parameters, the sealing capacity of the shallow faults will be
greater than that of the deep ones due to the variation of the stress regimes, within the
range of variation of the depths of ∆depth1 and ∆depth2. The ranges of ∆depth1 and
∆depth2 are shown in Figure 9b, and their expressions are as follows:

∆depth1 = (KSF −KNF)× ∆Zf × cos θ (11)

∆depth2 = (KRF −KSF)× ∆Zf × cos θ (12)

It can be inferred that the values of ∆depth1 and ∆depth2 are positively correlated
with the value of (KSF −KNF). Therefore, we can also draw the conclusion that under the
condition of different stress mechanisms and shale content, the sealing property of shallow
fault may be better than that of deep fault; the sealing property of strike slip fault has
no positive correlation with depth. The stress regime at the depth of fault plane plays an
important role in fault sealing.

5.2. Influence of the Orientation of the σH

The orientations of the σH are different near the fault plane [71], the maximum vari-
ation range of the direction can reach 90 degrees [55,58,72] and the angle α between the
orientation of the σH and the fault strike vary greatly in different sections. This will result
in large differences in the normal stresses on the fault plane of the strike-slip fault [73,74],
changing the values of K and affecting the fault sealing.

In Equation (2), the interval of variation of α is 0–90. The range of K value affected
by this variation is

[
cos2 θ + sin2 θ × σh

σV
, cos2 θ + sin2 θ × σH

σV

]
. Assuming that the angle

of α is fixed, the greater the θ, the greater the effect on sealing capacity. Because the θ of
the strike-slip fault is usually big, the change in sealing capacity caused by the change
in angle is much greater than that of fault with small dip angle. Assuming that the fault
dip angle θ is constant and the (σH/σV), (σh/σV) is fixed, α angle is an important factor to
determine the sealing ability of fault and the sealing ability of fault is positively correlated
with α angle.

Accurate calculation of the α angle is helpful to improve the accuracy of fault sealing
evaluation. It is more accurate to use the angle between the orientation of the σH near the
fault plane and the strike of the fault, compared with the angle between the orientation
of the σH in the region and the strike of the fault. However, due to the limitation of the
number of imaging logging data near the fault, the calculation of the σh direction near the
fault is restricted. Because the accuracy of α angle calculation is positively related to the
error of fault sealing evaluation results, using abundant imaging logging data or using
software to calculate α angle can improve the accuracy of evaluation results.
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5.3. Influence of Different Fault Activity Periods

Many oil and gas reservoirs are not controlled by single faults but by two or more
faults [49,75]; the evolution of a strike-slip fault system is the overall response of a series of
fault activities under the same stress field environment. The change in the fault character-
istics affects the change in the normal stress on the other fault planes in the region, and
the change in normal stress on the fault planes caused by different faults is different [76].
Comprehensive analysis of the change in normal stress on the fault plane and its causes is
of great significance to the study of oil and gas migration.

In this study, the influence of fault activity periodicity on normal stress of fault plane
was simulated by 3D move software, and then the influence on fault sealing was indirectly
analyzed. When the activity of the F1 fault in the Indochinese phase was enhanced, the
normal stress in the blue region of (Figure 10 i, iii, v) decreased, and the normal stress in
other areas increased. When the activity of the F5 fault in Yanshanian period increased, the
normal stress of fault in the blue region in (Figure 10 ii, iv, vi) decreased; in other areas, the
normal stress increases.
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Figure 10. Diagram of normal stress change caused by fault activity sequence. Numerical simulation
comparison of plane normal stress distribution caused by activity difference of F1 and F5 faults
in different periods. (A) are diagrams of normal stress variation at different depths when fault F1
is strongly active. (B) are diagrams of normal stress variation at different depths when fault F5 is
strongly active. (i), (iii) and (v) are the change diagram of normal stress of −1750 m, −1500 m and
−1250 m of the model, respectively when the activity of fault F1 is enhanced. (ii), (iv) and (vi) are the
change diagram of normal stress of−1750 m,−1500 m and−1250 m of the model, respectively, when
the activity of fault F5 is enhanced. The blue area is the area where the normal stress is relatively
weakened. The rest of the area is the area where the normal stress increases relatively.
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The sealing capacity of the fault in the normal stress weakening area is weakened, and
the sealing capacity of the fault in the normal stress strengthening area is enhanced.

The simulation results show that the activity of faults F1 and F5 and the periods of
their activities cause a great difference in the change of normal stress in the region; in
Figure 11a, the normal stress in the No. 3 color area is weak and continues to weaken, and
the production of the explored oil wells in the area is very low. The normal stress of the
fault plane in No.1 color is always strong, where the superimposed areas of No. 2 and No.
4 color regions are also located in this area; the production of oil wells explored in the area
is also very low.

Although the success of individual prospects is a function of numerous factors, such
as reservoir quality, charge and structure, it is interesting to note that all major fields are
located in the No. 5 color area, and the oil well production in the No. 6 green line area is
the highest in the study area. The No. 6 green line area is the overlapping area of No. 4 and
No. 5 colors, in which the fault transportability is good in the early stage, the fault normal
stress is the strongest in the late stage and the sealing is the best, which is most favorable
for the preservation of oil and gas reservoirs.

Through the simulation results, we can deduce the conclusion that the intensity and
sequence of boundary fault activity control the change in regional normal stress and affect
the change of fault sealing capacity; the change law of normal stress on the fault plane in
the region caused by it is different, which has an important impact on the migration and
accumulation of oil and gas.

According to the variation and superposition of normal stress in the study area
simulated by the model, the sealing capacity of faults F2, F3, F4 and F5 can be divided
based on the variation in normal stress on the fault plane. The fault sealing in the study
area can be divided into three types: high capacity of fault sealing (the normal stress of
fault plane is continuously strong), media capacity of fault sealing (the normal stress of
fault plane change from weak to strong) and low capacity of fault sealing (the normal stress
of fault plane is continuously weak) (Figure 11b).

Therefore, the systematic analysis of fault sealing is helpful to understand the migra-
tion and accumulation of oil and gas. It is of great significance for oil and gas exploration
and analysis to determine favorable places for prospecting.

5.4. Influence of Uncertain Factors

This method improves the accuracy of the sealing capacity evaluation of slip fault,
but there are still many shortcomings. The fault surface is assumed to be smooth, dip
and unchanged in tendency, which helps to simplify the calculation but deviates from
the actual situation [77]. In this study, the displacement pressure difference between fault
rock and reservoir is calculated indirectly by fitting the displacement pressure relationship.
However, the accuracy of the fitting equation is limited by the quality and quantity of
samples. The uniformity of the distribution of the mass and quantity of samples in different
depth ranges will also have a certain impact on the fitting equation. During fault evolution,
the relationship between the magnitude of lateral tectonic stresses and the strength of
the lateral compaction effect on the faulted rocks is not completely proportional, and a
proportionally equivalent treatment method will inevitably lead to errors. Since fault rocks
are not conventional sedimentary rocks, the clay content in fault rocks must not be evenly
distributed. The current clay content calculation method cannot accurately calculate the
clay content of fault rock. Exploring a more practical algorithm and equation, calculating
the clay content of fault rock more accurately, increasing the quantity and quality of fitting
rock samples and describing the displacement pressure difference between fault rock
and reservoir more directly and quantitatively can further improve the accuracy of fault
sealing evaluation.
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6. Conclusions

The stress analysis of logging data was applied to the sealing evaluation of a strike slip
fault, which has good applicability and practicability. The research results show that the
stress regime corresponding to different depths of fault planes has an important influence
on fault sealing. Under the condition of similar buried depth and clay content of fault
rock, the fault in reverse fault stress regime has the best sealing performance, followed by
strike-slip fault stress regime, and the lowest sealing performance under normal fault stress
regime. Comprehensive use of logging stress analysis to evaluate the sealing property of
the strike-slip fault can improve the accuracy of fault sealing evaluation and is applied to
the evaluation of fault sealing of normal fault and reverse fault.

The normal stress of a fault plane is an important factor to determine the sealing
capacity of the fault. In order to accurately calculate the normal stress on the fault plane,
it is necessary to comprehensively calculate the normal stress components of the vertical
stress and horizontal stress on the fault plane, which is of great significance to the evaluation
of fault sealing ability. Neglecting the compaction effect of horizontal stress on fault rock
mass will lead to the low evaluation value of fault-sealing performance. The larger the
fault dip angle is, the larger the deviation is. For strike-slip faults with large dip angles,
this error is not acceptable.

The orientation of the maximum horizontal stress near the fault plane is also a factor
affecting the sealing capacity of the fault. Because the orientation of the horizontal stress
near the fault is anisotropic, it is not easy to determine its orientation in the case of fewer
data. As a result, it is not easy to determine the degree of its influence on fault sealing.
Therefore, it brings potential errors for accurate evaluation of fault sealing, and the errors
of different positions are not easy to determine.

Author Contributions: Conceptualization, J.J. and K.W.; methodology, J.J. and Y.P.; software, J.J. and
Y.P.; validation, W.G.; formal analysis, Y.L.; investigation, T.L.; writing—original draft preparation,
J.J. and Y.P.; writing—review and editing, J.J. and K.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by the “Strategic Priority Research Program of the Chinese
Academy of Sciences” (NO: XDA14010301) and “the National Natural Science Foundation of China”
(NO: 41872143). The APC was funded by the “Strategic Priority Research Program of the Chinese
Academy of Sciences” (NO: XDA14010301).

Acknowledgments: The authors want to thank the Xinjiang Oilfield Company (PetroChina) for
providing the original data.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Harding, T.P.; Tuminas, A.C. Structural interpretation of hydrocarbon traps sealed by basement normal block faults at stable flank

of foredeep basins and at rift basins. AAPG Bull. 1989, 73, 812–840. [CrossRef]
2. Berg, R.R.; Avery, A.H. Sealing properties of tertiary growth faults, Texas Gulf Coast. AAPG Bull. 1995, 79, 375–392. [CrossRef]
3. Knipe, R.J. Juxtaposition and seal diagrams to help analyze fault seals in hydrocarbon reservoirs. AAPG Bull. 1997, 81, 187–195.

[CrossRef]
4. Huang, L.; Liu, C.-Y. Evolutionary characteristics of the sags to the east of Tan–Lu Fault Zone, Bohai Bay Basin (China):

Implications for hydrocarbon exploration and regional tectonic evolution. J. Asian Earth Sci. 2014, 79, 275–287. [CrossRef]
5. Pei, Y.W.; Paton, D.A.; Knipe, R.J.; Wu, K.Y. A review of fault sealing behaviour and its evaluation in siliciclastic rocks. Earth-Sci.

Rev. 2015, 150, 121–138. [CrossRef]
6. Xie, L.; Pei, Y.; Li, A.; Wu, K. Implications of meso- to micro-scale deformation for fault sealing capacity: Insights from the

Lenghu5 fold-and-thrust belt, Qaidam Basin, NE Tibetan Plateau. J. Asian Earth Sci. 2018, 158, 336–351. [CrossRef]
7. Allan, U.S. Model for hydrocarbon migration and entrapment within faulted structures. AAPG Bull. 1989, 73, 803–811. [CrossRef]
8. Gibson, R.G. Fault-zone seals in siliciclastic strata of the Columbus Basin, offshore Trinidad. AAPG Bull. 1994, 78, 1372–1385.

[CrossRef]
9. Yielding, B.F.G. Quantitative fault seal prediction. AAPG Bull. 1997, 81, 897–917. [CrossRef]

http://doi.org/10.1306/44b4a276-170a-11d7-8645000102c1865d
http://doi.org/10.1306/8d2b1534-171e-11d7-8645000102c1865d
http://doi.org/10.1306/522b42df-1727-11d7-8645000102c1865d
http://doi.org/10.1016/j.jseaes.2013.09.031
http://doi.org/10.1016/j.earscirev.2015.07.011
http://doi.org/10.1016/j.jseaes.2018.03.004
http://doi.org/10.1306/44b4a271-170a-11d7-8645000102c1865d
http://doi.org/10.1306/a25feca7-171b-11d7-8645000102c1865d
http://doi.org/10.1306/522b498d-1727-11d7-8645000102c1865d


Energies 2021, 14, 1468 18 of 20

10. Chatterjee, R. Effect of normal faulting on in-situ stress: A case study from Mandapeta Field, Krishna-Godavari basin, India.
Earth Planet. Sci. Lett. 2008, 269, 458–467. [CrossRef]

11. Yielding, G. Using probabilistic shale smear modelling to relate SGR predictions of column height to fault-zone heterogeneity.
Pet. Geosci. 2012, 18, 33–42. [CrossRef]

12. Nicol, A.; Childs, C. Cataclasis and silt smear on normal faults in weakly lithified turbidites. J. Struct. Geol. 2018, 117, 44–57.
[CrossRef]

13. Perkins, H. Fault-closure type fields, Southeast Louisiana. Gulf Coast Assoc. Geol. Soc. Trans 1961, 11, 177–196.
14. Smith, D.A. Theoretical considerations of sealing and non-sealing faults. AAPG Bull. 1966, 50, 363–374. [CrossRef]
15. Weber, K.J.; Mandl, G.J.; Pilaar, W.F.; Lehner, B.V.F.; Precious, R.G. The role of faults in hydrocarbon migration and trapping in

Nigerian growth fault structures. In Proceedings of the Offshore Technology Conference, Houston, TX, USA, 3–8 January 1978;
pp. 2643–2653.

16. Smith, D.A. Sealing and nonsealing faults in Louisiana Gulf Coast salt basin. AAPG Bull. 1980, 64, 145–172. [CrossRef]
17. Bouvier, J.D.; Sijpesteijn, C.H.; Kluesner, D.F. Three-dimensional seismic interpretation and fault sealing investigations, Nun

River Field, Nigeria. AAPG Bull. 1989, 739, 1397–1414.
18. Fulljames, J.; Zijerveld, L.; Franssen, R. Fault seal processes: Systematic analysis of fault seals over geological and production

time scales. Nor. Petrol. Soc. Spec. Publ. 1997, 7, 51–59. [CrossRef]
19. Lindsay, N.G.; Murphy, F.C.; Walsh, J.J.; Watterson, J.; Flint, S.; Bryant, I. Outcrop studies of shale smears on fault surface. Int.

Assoc. Sedimentol. Spec. Publ. 1993, 15, 113–123.
20. Yielding, G. Shale gouge ratio-calibration by geohistory. Nor. Petrol. Soc. Spec. Publ. 2002, 11, 1–15. [CrossRef]
21. Çiftçi, N.B.; Giger, S.B.; Clennell, M.B. Three-dimensional structure of experimentally produced clay smears: Implications for

fault seal analysis. AAPG Bull. 2013, 97, 733–757. [CrossRef]
22. Knipe, R.J.; Jones, G.; Fisher, Q.J. Faulting, fault sealing and fluid flow in hydrocarbon reservoirs: An introduction. Geol. Soc.

Lond. Spéc. Publ. 1998, 147. [CrossRef]
23. Lyu, Y.F.; Huang, J.S.; Fu, G. Quantitative study on fault sealing ability in sandstone and mudstone thin interbed. Acta Petrol. Sin.

2009, 30, 824–829. [CrossRef]
24. Fu, G.; Shi, J.J. Study of ancient displacement pressure of fault rock recovery and its sealing characteristics. J. China Univ. Min.

Technol. 2013, 42, 996–1001. [CrossRef]
25. Lei, C.; Yuan, X.T. Quantitative characterization of fault lateral sealing capacity based on 3-D SGR model-A case from M field,

Niger. Oil Gas Geol. 2019, 40, 1317–1323.
26. Fu, G.; Wang, H.R.; Hu, X.L. Modification and application of fault-reservoir displacement pressure differential method for vertical

sealing of faults. Acta Petrol. Sin. 2014, 35, 687–691.
27. Lyu, Y.; Wang, W.; Hu, X.; Fu, G.; Shi, J.; Wang, C.; Liu, Z.; Jiang, W. Quantitative evaluation method of fault lateral sealing. Pet.

Explor. Dev. 2016, 43, 340–347. [CrossRef]
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