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Abstract
China vigorously implements the dual carbon strategy, and natural gas consumption continues to grow rapidly. It is 
urgent to improve the natural gas “production, supply, storage, and sales” system and accelerate the construction of 
underground gas storage (UGS). UGS requires “storage, injection, and extraction”. Faults are the primary factor of “stor-
age”, the evaluation of fault-sealing is crucial for the safe construction and operation of UGS. Existing researches start 
from the perspective of the hydrocarbon reservoir, develop an evaluation of the basic characteristics of faults, lithological 
configuration of the fault’s two blocks, analysis of production performance, Shale Smear Factor (SSF), Shale Gouge Ratio 
(SGR), properties of fault-filling materials, 3D tectonic model, normal pressure on the fault plane, fault shear index, and 
fault plugging coefficient. This paper systematically analyzes the adaptability of existing methods and proposes an index 
to evaluate the fault-sealing capability of UGS. Taking the first UGS in SW China—Xiangguosi UGS as a case, using this 
workflow to evaluate the fault-sealing capability of 5 major faults. It is believed that the evaluation of fault-sealing on 
Xiangguosi UGS is good. This conclusion supports the design of construction key indicators and is the important basis 
point of the construction of the “signpost” UGS. It is of guiding significance and provides a reference for the evaluation 
of fault-sealing for the rebuilding of depleted gas reservoirs to UGSs.

1  Introduction

Faults serve as active migration pathways during reservoir formation or shielding conditions for hydrocarbon accumula-
tion [1–4]. Fault-sealing refers to a sort of identity for both the upper block and the lower block of fault planes or faulted 
zones together with these two blocks to obstruct formation fluids and prevent fluid flow owing to the difference in dis-
placement pressure. As a fundamental element to affect fault block traps to form reservoirs and reservoir-forming size, 
the sealing may be employed to estimate the size of fault block reservoirs, the fullness of hydrocarbon, and the natural 
gas capacity of a UGS. It is also the defense for the safe running of a UGS [5–8]. Since Lindsay et al. [9] proposed the 
algorithm of Shale Smear Factor (SSF) in 1993, Yielding et al. [10] proposed the algorithm of Shale Gouge Ratio (SGR) in 
2002, the quantitative evaluation of fault-sealing is becoming a standard workflow. The mechanical stability evaluation is 
also not to be outdone. Chen [11] proposed the algorithm of normal pressure on the fault plane in 1987, Liu [5] proposed 
the algorithm of fault plugging coefficient in 1998, and Wang and Dai [12] improved the algorithm of fault shear index 
in 2012. But those researchers don’t summarize the evaluation methods of fault-sealing, usually 1 to 2 aspects or 2 to 3 
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aspects, for example, Fu et al. [13] in 2021. This paper summarizes the existing experience, systematically analyzes the 
adaptability of existing methods, and proposes an index to evaluate the fault-sealing capability of UGS. The methods start 
from three aspects of qualitative, quantitative, and mechanical stability evaluation based on the basic characteristics of 
faults, lithological configuration of the fault’s two blocks, analysis of production performance, Shale Smear Factor (SSF), 
Shale Gouge Ratio (SGR), properties of fault-filling materials, 3D tectonic model, normal pressure on the fault plane, fault 
shear index, and fault plugging coefficient, could provide a very complete and comprehensive evaluation of fault-sealing.

Xiangguosi UGS is the first UGS in SW China, which is built from the Carboniferous depleted gas reservoir in Xiang-
guosi structure with highly steep strata and well-developed faults (Fig. 1). The reservoir is treated as both injection and 
production targets [14]. The geologic reserve is 43.9 × 108 m3, with accumulated gas production of 40.24 × 108 m3. It 
has been operating efficiently for 10 years, with a total of 158 × 108 m3 gas injection and 128 × 108 m3 gas production. 
Xiangguosi UGS fulfills 17% of the actual peak-adjustment and supply guarantee tasks with 13% of the designed gas 
storage capacity in China, is of vital importance, and is an indispensable assistance for China to achieve carbon neutrality 
before 2060. Combining qualitative, quantitative, and mechanical stability evaluation, using this workflow to evaluate 
the fault-sealing capability of 5 major faults. It is believed that the evaluation of fault-sealing on Xiangguosi UGS is good. 
This conclusion supporting the design of construction key indicators and the first demonstration of “Expand the pres-
sure range, increase the production” in China, is the important basis point of the construction of the “signpost” UGS. It 
is of guiding significance and provides a reference for the evaluation of fault-sealing for the rebuilding of depleted gas 
reservoirs to UGSs.

2 � Regional background of Xiangguosi UGS

2.1 � Geological setting of Xiangguosi UGS

Xiangguosi UGS is the first UGS in SW China, stretches across over Yubei and Beibei districts, Chongqing City, covering an 
exploration area of 447.81 km2. The study area is characterized by mountainous terrain with significant terrain fluctua-
tions, with a minimum elevation of 200 m and a maximum elevation of 1040 m, with a relative elevation difference of 

Fig. 1   The location diagram of Xiangguosi UGS. Both images in Figure 1 were downloaded from the official website of the Ministry of Natu-
ral Resources of China 
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840 m. The central part of the study area has steep mountains, crisscrossed gullies, and severely cut terrain. Most areas 
on both sides are relatively flat. Regionally, it is subordinate to one local structure in the southern end of the Huaying 
Mountain tectonic group, a middle-uplift high-steep area in the southeastern Sichuan Basin. The tectonic strike is NNE.

No fault is found on the ground in the Xiangguosi structure while increasing folding inside the hinterland where a great 
deal of reverse faults is developed with various throws. Accompanying high structural, major faults are often extended 
over the leading portion of the Xiangguosi structure with a long strike length and straddle the whole study area. They 
twist with the structure along tectonic trends to control structural shape and scale. There are 92 reverse faults. From 

Fig. 2   The reflection structure diagram of lower Permian of Xiangguosi UGS
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west to east, fault ①, fault ⑤, fault ②, fault ④, and fault ③ are major faults with larger sizes (Fig. 2), whose throw is 
more than that of others. Fault ①, fault ⑤, and fault ② in the northwestern flank die out upwards in Xujiahe Formation 
and downwards in Silurian System while fault ④ and fault ③ in the southeastern flank die out upwards in Jialingjiang 
Formation and downwards in Silurian System.

Fig. 3   The stratigraphic 
columnar profile of Xiang-
guosi UGS
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2.2 � Stratigraphic and sedimentary characteristics of Xiangguosi UGS

The Silurian in this study area is dominated by coastal and neritic clastic and carbonate rocks with a thickness of 400–1 
200 m. Among these, with a thickness of 229–299 m, Longmaxi Formation along the Huaying Mountain possesses grow-
ing sandy-argillaceous content. The Lower Devonian System is made up of clastic rocks. The Middle Devonian System is 
made up of carbonate and clastic rocks. The Upper Devonian System is made up of carbonate rocks. The Lower Carbon-
iferous System is made up of carbonate rocks interbedded with a little purple-red sandstone, mudstone, and hematite. 
The Upper Carboniferous System is made up of entire carbonate rocks. The Lower Permian System is made up of clastic 
rocks and limestone. The Upper Permian System is made up of limestone and siliceous rock interbedded with limestone. 
The Lower Triassic System is made up of clastic rocks, which are in decline whereas carbonate rocks are increasing, occa-
sionally interbedded with mud shale rocks (Fig. 3).

3 � Fault qualitative evaluation

3.1 � Basic characteristics of fault

3.1.1 � Fault activities

According to the length of the fault activity period, faults are divided into short-term active faults and long-term active 
faults. Short-term active faults can be divided into early-stage, simultaneous-stage, and late-stage in accordance with 
the relevance to large-scale hydrocarbon migration and accumulation periods [15]. Long-term ones possess moderate 
fault-sealing [16]. After contrasting the proportion of forming reservoirs with regard to the quantity of fault-controlled 

Fig. 4   The relationship 
diagram of fault-sealing and 
strike

Fig. 5   The relationship dia-
gram of fault-sealing and the 
dip angle
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structures, it is concluded best sealing in early-stage among short-term active faults of all kinds, followed by simultane-
ous and late ones [17].

3.1.2 � Fault mechanical properties

According to mechanical properties, faults are divided into wrench faults, extensional faults, and compressional faults. 
Strike-slip faults are the products of wrench faults. During the process of displacement, the rock on both blocks of the 
fault is relatively displaced over a long distance, with close friction and grinding, usually developed into a range of fault 
gouge on fault planes, which is conducive to hydrocarbon closure. The proportion of fault breccia is high in extensional 
fault zones, which brings about poor sealing [18]. The fault-sealing in compressional faults is between wrench faults and 
extensional faults.

3.1.3 � Fault geometry

Occurrence is made up of three elements, strike, dip, and dip angle. Among these, strike exerts a significant influence on 
fault-sealing (fault-sealing coefficient, If). The greater the angle between strike and tectonic stress (φ) is, the better the 
fault-sealing is, while the smaller the angle is, the poorer the sealing is. For example, when the differential stress is on 
line c, 10 MPa, φA = 30°, φB = 60°, IfB is bigger than IfA, which means the fault-sealing of B is bigger than the fault-sealing 
of A (Fig. 4).

Differential stress in a, b, c, d, and e solid lines is 0 MPa, 5 MPa, 10 MPa, 15 MPa, and 20 MPa, respectively. Pressure (σti) is 
0, abnormal pressure coefficient (f) is 1.0, Poisson’s ratio (μ) is 0.3, dip angle (θ) is 60°, and depth (h) is 2,000 m. Differential 
stress in a’, b’, c’, d’, and e’ dashed lines is 0 MPa, 5 MPa, 10 MPa, 15 MPa, and 20 MPa, respectively. The abnormal pressure 
coefficient (f) is 1.5 and the others are the same as above [19].

The dip angle (θ) has an impact on the fault-sealing as well. The smaller the dip angle is, the better the sealing is in 
extensional basins, while the bigger the angle is, the better the sealing in compressional basins, and the fault-sealing 

Fig. 6   The sketch diagram of lithological configuration relationship between two blocks
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in torsion basins is between extensional basins and compressive basins [19]. In extensional basins, at the same depth, 
the stress is generally between 5 and 20 MPa (the orange area). In compressional basins, at the depth of 3000 m, 
the maximum principal compressive stress can be 150 MPa, and the average principal compressive stress can also 
reach 100 MPa (the green area). For example, in an extensional basin, when the stress is 15 MPa, φA = 30°, φA’ = 60°, IfA 
is bigger than IfA’, which means the fault-sealing of A is bigger than the fault-sealing of A’. In a compressional basin, 
when the stress is 110 MPa, φB = 45°, φB’ = 30°, IfB is bigger than IfB’, which means the fault-sealing of B is bigger than 
the fault-sealing of B’ (Fig. 5).

Dip angle in a, b, c, d, and e solid lines is 0°,30°,45°,60°, and 90°, respectively. φ is 90°, f is 1.0, μ is 0.3, and h is 3000 m. 
Dip angle in a’, b’, c’, d’, and e’ dashed lines is 0°, 30°, 45°, 60°, and 90°, respectively. The abnormal pressure coefficient (f) 
is 1.6 and the others are the same as above [19].

Fig. 7   The sketch diagram of stratigraphic communication on both sides of the fault [28]

Fig. 8   The algorithm diagram 
of SSF ([10], revised)
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3.2 � Lithological configuration relationship between two blocks

Fault blocks are rocks that displace along both sides of the fault plane. The upper block is located on the upper side of 
the fault plane, and the lower block is located on the lower side of the fault plane. The lithological configuration relation-
ship between two blocks is one of the critical conditions to judge one fault with or without sealing identity. And this 
configuration is also exactly regarded as the principle to study the typical fault-sealing [20, 21]. It is generally accepted 
that fine sealing in one configuration on the target block of sandstone with the opposite of mudstone while poor in the 
other configuration of sandstone with sandstone, which is dependent on the discrepancy between one displacement 
pressure to close off sandstone and the other in reservoir stratum [5]. Zhao et al. [22] divided the configuration into 12 
modes. The fault plane in the first mode is a single fault plane without any blocking effect on hydrocarbon. While faulted 
zone in the second mode is likely to close off hydrocarbon (Fig. 6).

Plower reservoir stands for the displacement pressure of the reservoir stratum on the lower block. Pupper reservoir stands for 
the displacement pressure of the reservoir stratum on the upper block. Pupper mudstone stands for the displacement pres-
sure of the mudstone stratum on the upper block. PF1 stands for the displacement pressure in the first fault zone, and 
PF2 stands for the displacement pressure in the second fault zone.

Drawing the Allan figure is the most powerful method to study the lithological configuration relationship [21, 23]. 
The Allan figure is made of seismic profiles and tectonic diagrams. The whole drawing procedure includes (i) selecting 
an appropriate survey line, (ii) recording the time value at every breaking point, (iii) conversion of the time domain and 
depth domain, (iv) projecting the strata in contact with the fault plane on both blocks of the fault, and (v) obtaining the 
lithological configuration relationship of the two blocks by ways of variations of fault throw. Eventually, the configuration 
on both sides of the fault plane can be received intuitively [24–26].

3.3 � Analysis of fault production performance

Fault production performance data can reflect the sealing feature in reservoirs [16]. Analyzing the pressure, oil–water 
distribution of wells in two blocks of the fault, and other performance data can understand the fault-sealing more 
specifically [27]. When the production capacity of an oil well declines at one side of the fault, water injection could 
be implemented into the same stratum on the other side. As shown in Fig. 4a, this fault is connected if oil produc-
tion is increasing and there are no other water injection wells. As shown in Fig. 4b, this fault is connected if the 
polymer is found at the same stratum in this oil well after the polymer is added to the water injection well, or if this 
fault is sealed (Fig. 7).

Fig. 9   The algorithm diagram 
of SGR ([10], revised)
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4 � Fault quantitative evaluation

4.1 � Shale smear factor (SSF)

The shale smear factor is a parameter to characterize the extensive continuity of shale smear layers, reflecting the 
growth level of the shale smear. And it is an essential factor to evaluate effective fault-sealing [9]. The smaller the 
SSF is, the better the smear continuity and the fault-sealing are. The equation is as follows:

D stands for the vertical fault throw, m; and di stands for the shale thickness in the ith layer within the vertical 
fault throw, m.

4.2 � Shale gouge ratio (SGR)

The shale gouge ratio is a parameter to characterize the percentage of clay minerals in the gouge of fault zones [10], 
it can show the shale content in layers in the most effective way [29], and it is a considerable parameter for quanti-
tatively revealing the fault-sealing [27]. In fault zones, the higher the SGR is, the larger the displacement pressure 
needed for formation fluids to break through this fault, the better the fault-sealing is. To this end, a large amount of 
hydrocarbon can be gathered around reservoir strata to form hydrocarbon reservoirs [16]. The equation is as follows:

hi stands for the formation thickness in the ith layer. m; Vi stands for the percentage of argillaceous thickness to formation 
thickness in the ith layer; D stands for the vertical fault throw, m (Figs. 8, 9).

It is well known that if SSF < 4, SGR > 20%, the fault has sealing property [13] 

(1)SSF =
D

∑N

i=1
di

,

(2)SGR =

∑N

i=1
hi ⋅ Vi

D
× 100%,

Fig. 10   The algorithm dia-
gram of Rm



Vol:.(1234567890)

Research	 Discover Applied Sciences           (2024) 6:270  | https://doi.org/10.1007/s42452-024-05933-y

4.3 � Properties of fault‑filling material

If the fault-filling material is mainly argillaceous, small particle size and soft hardness may lead to compression and 
diagenesis under overburden pressure, compactness grows stronger with porosity and permeability decrease owing to 
this [30]. In addition, mudstone is prone to plastic flow under overburden pressure to stop leaking voids and make the 
sealing more powerful [31]. If the fault-filling material is mainly sandy, compactness weakens as well as porosity and 
permeability get better, which creates poor sealing [32]. The equation is as follows:

h stands for the cumulative mean thickness of target mudstone across two blocks, and it can be an average value of 
cumulative thickness of mudstone in apart wells deployed on both sides; H stands for the fault formation thickness, m; 
D stands for the vertical fault throw, m; n1 and n2 are the number of mudstone strata offset by two blocks; h1i and h2j are 
mudstone thickness in the ith and the jth layers of both upper block and lower block, m (Fig. 10).

Rm not only considers the lithology and fault throw of the target layer but also takes into account the lithological 
characteristics of the strata between the two target layers, which can reflect the size of the mud content in the fault-
filling material. Fault-sealing is thought to be poor at Rm below 0.3, moderate at Rm between 0.3 and 0.6, and good at 
Rm above 0.6 

(3)Rm =
h

H + D
=

1

2(H + D)

(

n1
∑

i=1

h1i +
∑n2

j
h2j

)

,

Fig. 11   The sketch diagram of 
stress on the fault plane
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5 � Fault mechanical stability evaluation

5.1 � 3D tectonic model

Accurate 3D tectonic models are achieved through Petrel. 3D tectonic models are built on well location, well deviation, 
stratigraphic, well-logging data. While building models, both prompt amendments and adjustments should be done in 
accordance with tectonic features. Consequently, the tectonic models match seismic data and geological rules [33] for 
more precise analysis.

5.2 � Normal pressure on the fault plane

The stress of faults comes from normal pressure on the fault plane exerted by overburden gravitation [34]. The equation 
is as follows:

P stands for the normal pressure on the fault plane, P1 and P2 are the horizontal and vertical components of P, MPa; H 
stands for the burial depth of the fault plane, m; �r stands for the average overburden density, g/cm3; �w stands for the 
density of formation water, g/cm3; θ stands for the dip angle of the fault plane, °. �r can be obtained from well-logging 
data or the relationship curve of actual formation density and burial depth. H and θ can be obtained from seismic data 
[35] (Fig. 11).

Consistent with the above equation, P stands for the normal pressure on the fault plane, P1, and P2 are the horizontal 
and vertical components of P, MPa; H stands for the burial depth of the fault plane, m; θ stands for the dip angle of the 
fault plane, ° [36].

The normal pressure on the fault plane is one of the influential factors in the capability of vertical fault-sealing. Since 
it not only makes the fault plane enclosed but also decides gypsum and mudstone deformation inside fault zones [37]. 
Deformed mudstone fills with fractures in fault zones when the normal pressure is higher than the deformation intensity 
in mudstone, leading to vertical fault-sealing. Otherwise, faults are vertically open [11]. From some previous experiments 
on compression resistance to argillaceous rocks in Hunan and Hubei Provinces, it is suggested that the critical pressure of 
5 MPa. However, there are differences in mechanical properties in mudstone developed at various areas or layers. Thus, 
it is essential to redetermine this property in practice [30].

(4)P = H(�r − �w) × 0.009876 cos�,

Table 1   G value
Lithology G
Sandstone 0
Muddy sandstone 0.5
Sandy mudstone 0.75
Mudstone 1

Table 2   The table of 
evaluation criteria of the 
capability of the vertical 
plugging of reverse faults 
([37],revised)

PS stands for the extreme yield strength in plastic rocks, MPa; Rmx stands for the theoretical lower limit of 
argillaceous content needed for sealing off

Argillaceous content/% Normal pressure on the fault plane/MPa

 < PS  > PS

 < Rmx Unsealed Unsealed
 > Rmx Unsealed Sealed
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5.3 � Fault shear index

The fault shear index is the ratio of shear stress to material shear strength on the fault plane in the fault zones. The equa-
tion is as follows:

τ stands for the shear stress on the fault plane; σC stands for the material shear strength in the fault zone; C stands for the 
intrinsic shear intensity; ω stands for the internal friction coefficient; σ stands for the normal pressure on the fault plane.

In the quantitative evaluation of fault sealing, obtaining the stress value of the fault plane is the key to solving the 
problem. In general, the fault shear index depends upon the regional in-situ stress field. At present, the most intuitive 
and accurate method to obtain stress values is to conduct on-site stress testing. But this often encounters many difficul-
ties that are difficult to solve. The in-situ stress can still be measured through hydraulic fracturing, acoustic emission, 
and other paleostress testing methods, but it is also limited by the location and number of well points, and cannot be 
applied to ancient stress fields.

When IC > 1, there will be a shear slide in both two blocks of the fault, causing the change of materials within fault 
zones. When σ > 0, there will be squeezing shear dislocation in both two blocks of the fault. Meanwhile, inferred that these 
materials are suffering from squeezing, a few original seepage pathways like pores and fractures are in closure under 
shear action, creating the increasing fault-sealing in the end. When σ < 0, there will be tensional dislocation in both two 
blocks of the fault. Meanwhile, inferred that these materials are suffering from squeezing, and a few original seepage 
pathways like pores and fractures are in closure under extension action, at the same time, new fissures are generated in 
fault zones and the opening degree of the fault improves due to the shear dislocation at both blocks.

When IC ≤ 1, there is only shear dislocation in faults without any relative migration on both blocks. No evident variation 
in physical property appears in materials within fault zones, and the effect on the fault-sealing is negligible.

It is worth noting that, the fault shear index must be used for precise and effective fault-sealing evaluation under the 
premise of determining stress property on the fault plane (compressive or tensile). Otherwise, it means nothing. Thus, 
in practice, the product of this index and normal pressure on the fault plane may be adopted to balance the effects of 
both property and extent of stress on the fault plane. Besides, the other impact of shear stress on this plane is, to some 
extent, deemed as the continuity of normal pressure affecting fault-sealing. Therefore, the best way to improve evalua-
tion accuracy is to take both the fault shear index and normal pressure into accounting [12].

5.4 � Fault plugging coefficient

5.4.1 � Horizontal plugging coefficient

The horizontal plugging coefficient is a parameter actually used to assess that fault plane can seal off hydrocarbon with-
out any connection against two blocks [38]. The equation is as follows:

C stands for the tectonic plugging coefficient; L stands for the vertical fault drop, m; H stands for the caprock thickness, 
m;� stands for the fault dip angle, °; and � stands for the reservoir stratum dip angle, °; R stands for the reservoir coef-
ficient, h stands for the reservoir stratum thickness, m; F stands for the horizontal plugging coefficient; G stands for the 
lithological sealing coefficient (Table 1) Fig. 12.

(5)IC =
�

�C
,

(6)�C = C + ��,

(7)C =
L

H
×

sin�

sin(� + �)
.

(8)R =
L

h
×
sin(� + �)

sin�
.

(9)F = G × (C + R).
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Table 4   The table of basic 
data of faults

Number Fault Property Occurrence

Dip Dip angle (°)

1 ① Reverse SE 45–70
2 ⑤ Reverse SE 40–60
3 ② Reverse SE 45–70
4 ④ Reverse NW 40–60
5 ③ Reverse NW 40–60

Fig. 12   The sketch diagram of 
fault horizontal plugging

Fig. 13   The thickness histogram of Liangshan Formation and Carboniferous System in Xiangguosi UGS
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The horizontal plugging coefficient is an element to measure the fault-sealing degree horizontally. The bigger it is, the 
stronger the horizontal sealing is. On the contrary, the smaller it is, the poorer the horizontal sealing is [39] 

5.4.2 � Vertical plugging coefficient

The vertical plugging coefficient is a parameter adopted for estimating the strength with which one fault seals off forma-
tion fluids (including oil, gas, and water) vertically. The equation is as follows:

S stands for the vertical plugging coefficient; K stands for the scale coefficient; l stands for the imbrication depth of the 
cover, m.

The lower the value of the vertical plugging coefficient is, the stronger the vertical fault-sealing is. On the contrary, 
the higher the value is, the poorer the vertical sealing is [38].

The vertical plugging coefficient is proportional to the normal pressure on the fault plane [30]. Fu et al. [37] held that 
the vertical plugging in fault zones had to satisfy two conditions: (i) for the normal pressure exceeding the extremity of 
plastic deformation intensity in gypsum and mudstone, microfractures associated with fault zones should be covered 
by the plastic flow, and (ii) argillaceous content in fillers must be greater than the theoretical lower limit needed for seal-
ing off natural gas through particles inside fault zones, and such type of zones with low porosity and high displacement 
pressure will prevent hydrocarbon from filtration loss. For details, see Table 2.

(10)S =
L

H
=

sin�

sin(� + �)
− K ,

(11)K =
l

H
,

Fig. 14   The 3D tectonic model of Xiangguosi UGS
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6 � Preliminary summary

Refer to existing comprehensive research achievements of influential factors on fault-sealing, combing discriminative 
model of every influential factor, establish the table of evaluation criteria of influential factors on fault-sealing (Table 3), 
then carry out a comprehensive evaluation [39].

Introduce the index of fault-sealing (IFS). 12 influential factors and their corresponding weights have been highlighted 
in italics in the table. Each criterion is scored from 1 to 9, and the converted maximum score is 10.

If the number of every evaluation criteria of the fault is 9, IFS = 9 × 10% + 9 × 10% + 9 × 6% + 9 × 10% + 9 × 10% + 9 × 6% 
+ 9 × 6% + 9 × 6% + 9 × 10% + 9 × 10% + 9 × 6% + 9 × 10% = 9.

If the number of every evaluation criteria of the fault is 5, IFS = 5 × 10% + 5 × 10% + 5 × 6% + 5 × 10% + 5 × 10% + 5 × 6% 
+ 5 × 6% + 5 × 6% + 5 × 10% + 5 × 10% + 5 × 6% + 5 × 10% = 5.

If the number of every evaluation criteria of the fault is 1, IFS = 1 × 10% + 1 × 10% + 1 × 6% + 1 × 10% + 1 × 10% + 1 × 6% 
+ 1 × 6% + 1 × 6% + 1 × 10% + 1 × 10% + 1 × 6% + 1 × 10% = 1.

At the same time, as long as there are two 0.1 times or more in the evaluation criteria of the fault, it is defined as with 
poor fault-sealing properties .

7 � A case study on Xiangguosi UGS

7.1 � Evaluation of fault‑sealing of Xiangguosi UGS

7.1.1 � Qualitative evaluation

	 (i)	 All five faults became active from the Silurian System to the Permian System even to the Triassic System. They 
belong to early-stage faults with good fault-sealing properties.

	 (ii)	 All five faults pertain to compressional faults with medium fault-sealing properties.
	 (iii)	 All five faults strike NE with fault-sealing properties between medium and good. For details, see Table 4.

Fig. 15   A fault profile of fault ①, fault ⑤, fault ②, fault ④, and fault ③
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	 (iv)	 As shown in Figs. 12 and 13, the Lower Permian System Liangshan Formation above the Carboniferous System is 
made up of shale and bauxitic mudstone, with a thickness of 7–18 m. And the layer underlying the Carboniferous 
System is made up of sandstone and mudstone of the Silurian System with good fault-sealing properties.

7.1.2 � Quantitative evaluation

Through comparison with the above-mentioned evaluation criteria, it is found that, among fault-sealing studies nowa-
days, a quite mature one with extensive application is still aimed at related mechanisms on mud shale in carbonate 
rocks. For example, the lithological configuration relationship between two blocks in qualitative evaluation, SSF, SGR, 
and properties of fault-filling materials in quantitative evaluation, and normal pressure in mechanical stability evaluation. 
Gypsum and salt rocks boast very aggressive ductility, which is stronger than that of mud shale. They flow in pace with 
fault dislocation analog to mud shale smear. Besides, these rocks may also squeeze into the fault plane to mend this plane, 
further making it sealed [40]. Thus, relevant parameters in mud shale can give way to those in gypsum and salt rocks.

7.1.3 � Mechanical stability evaluation

	 (i)	 Use Petrel to build a 3D structural model, following the steps:

(1)	 Import data. The first step is to import well data, which includes well-head data, well-path data (or well-devi-
ation data), and well-log data. The second step is to import well-top data. The third step is to import seismic 
data, which includes surface data and fault data;

(2)	 Go to the structural modeling interface. The first step is to select the Define Model button. The second step is 
to select the Fault Modeling button. Based on the interpretation results of faults at several layers, locate the 
spatial position, dip angle, and dip of faults, select the range of fault displacement, and build the preliminary 
fault model. The third step is to adjust the pillar and select the Pillar Gridding button. The fourth step is to select 
the Make Horizon button. Move the points of the Horizon-fault to smooth the upper and lower blocks of the 
fault, and then select the Make Horizon button again. The fifth step is to select the Make Zones button. The 
sixth step is to select the Layering button.

(3)	 Build the final model.

	 (ii)	 Based on the 3D structural model of this study area, combing with well-logging data, extracting the burial depth 
of the fault plane, then calculate the normal pressure on the fault plane. As shown in the legend of Fig. 15, the 
strata shown in Figs. 14 and 15 range from the Silurian System to the Longtan Formation. The rectangular region 
constructed in Figs. 14 and 15 is completely consistent with Fig. 2. The yellow–brown rectangle in Figs. 14 and 15 
is the same cross-section.

		    The normal pressure of five faults is all between 7.47 MPa and 51.24 MPa, higher than the ductility limit of 5 MPa, 
showing good fault-sealing properties (Table 5).

	 (iii)	 The value of shear stress and normal stress could not be acquired directly. Referring to examples of geomechanical 
models used in Xiangguosi UGS from Zhao et al. [41], extracting parameters like intrinsic shear strength (cohe-

Table 6   The table of basic 
data of vertical plugging 
coefficient

Fault Dip angle of the 
fault plane/(°)

Dip angle of the reservoir/(°) Imbrication depth 
of the cover/(m)

Depth of 
the cover/
(m)

Vertical plug-
ging coeffi-
cient

① 45–70 5–20 271 2909 0.68–0.88
⑤ 40–60 343 1773 0.55–0.76
② 40–60 420 1281 0.41–0.63
④ 40–60 424 1628 0.48–0.70
③ 45–70 488 2165 0.55–0.75
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sion) and internal friction coefficient, obtaining the relationship of shear stress and normal stress, then calculate 
the fault shear index.

μ stands for the friction coefficient; Pp stands for the pore pressure, MPa.
		    μ is of 0.4–0.6, Pp is of 34–36 MPa [38].

		    Ic is always lower than 0.5 no matter how μ is taken. And there is no evident alternation in fault zones giving 
rise to good fault-sealing properties.

	 (iv)	 Based on the 3D tectonic model of this study area, combining with the dip angle of both fault plane and reservoir 
stratum, extracting the imbrication depth of the cover and the depth of the cover, then calculate the vertical 
plugging coefficient (Table 6).

The vertical plugging coefficient of five faults is all between 0.41 and 0.88, lower than 1, showing good fault-
sealing properties.

For the comprehensive evaluation of fault-sealing in Xiangguosi UGS, see Table 7.
Although relevant parameters in mud shale can give way to those in gypsum salt rocks, information on Xiang-

guosi UGS is hard to obtain. Even if it’s acquired, the reliability is low. Therefore, assign the low value 2.5 to those 
that cannot be obtained, and put them into the calculation: IFS = 9 × 10% + 5 × 10% + 2.5 × 6% + 9 × 10% + 9 × 10% + 
2.5 × 6% + 2.5 × 6% + 2.5 × 6% + 9 × 10% + 9 × 10% + 2.5 × 6% + 9 × 10% = 6.65, still higher than the median calculated 
in the example 5. It is believed that Xiangguosi is with good fault-sealing properties.

7.2 � Application effect of Xiangguosi UGS

Xiangguosi UGS has been operating efficiently for 10 years, with a total of 158 × 108m3 gas injection and 128 × 108 m3 
gas production. The workflow this paper concludes supports the design of construction key indicators and the first 
demonstration of “Expand the pressure range, increase the production” in China, which is the important basis point 
of the construction of the “signpost” UGS.

8 � Conclusions

	 (i)	 This paper summarizes the existing experience, systematically analyzes the adaptability of existing methods, 
and proposes an index to evaluate the fault-sealing capability of UGS. The methods start from three aspects of 
qualitative, quantitative, and mechanical stability evaluation based on the basic characteristics of faults, lithologi-
cal configuration of the fault’s two blocks, analysis of production performance, Shale Smear Factor (SSF), Shale 
Gouge Ratio (SGR), properties of fault-filling materials, 3D tectonic model, normal pressure on the fault plane, 
fault shear index, and fault plugging coefficient, could provide a very complete and comprehensive evaluation 
of fault-sealing.

(12)
�

� × (� − Pp)
<
1

2
,

(13)�<
1

2
× 0.4 × (� − 36) or �<

1

2
× 0.6 × (� − 34),

(14)𝜏< 0.2𝜎 − 7.2 or 𝜏< 0.3𝜎 − 10.2.

(15)Ic =
�

C + �
.

(16)Ic <
0.2𝜎 − 7.2

0 + 0.4𝜎
< 0.5 or Ic <

0.3𝜎 − 10.2

0 + 0.6𝜎
< 0.5.
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	 (ii)	 Take the first UGS in SW China—Xiangguosi UGS as an example, selecting and improving parameters applicable 
to this study area, then develop the evaluation of fault-sealing. The calculation shows that five major faults are 
with excellent fault-sealing properties.

	 (iii)	 The workflow this paper concludes supports the design of construction key indicators and the first demonstra-
tion of “Expand the pressure range, increase the production” in China, which is the important basis point of the 
construction of the “signpost” UGS, contributing to the efficient operation of Xiangguosi UGS for 10 years, with a 
total of 158 × 108 m3 gas injection and 128 × 108 m3 gas production.
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