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ABSTRACT

Tunnel gas and shallow natural gas overflow have been a major problem plaguing the safe construction
of tunnels and one of the main types of common diseases in tunnel engineering. The article chooses
the tunnel construction of Funci Highway as the research object, and collects the rock and gas data in
the research area on the basis of analyzing the distribution characteristics of shallow natural gas.
Based on the AVO analysis technique, the PP wave reflection coefficient is approximated as a linear
combination of longitudinal wave velocity, transverse wave velocity, density and other elastic
constants to construct a pre-stack AVO inversion model to analyze the shallow natural gas distribution
in the Funci Highway Tunnel construction. The porosity of the rock layer in the tunnel construction
area ranges from 4.5% to 12%, with an average porosity of 8.93% and a maximum permeability of
0.004 pm?. The longitudinal wave impedance distribution of the non-reservoir surrounding rock
ranges from 1.48 to 2.01, and the error between the longitudinal wave velocity and density obtained
by the inversion and the original logging curves is up to only 2.04%. Combined with the logging data,
it can realize the comprehensive evaluation of the oil and gas geological environment of Funci Highway
tunnel construction, and provide data support for ensuring the safety of Funci Highway tunnel
construction.

Keywords: longitudinal wave velocity; AVO technology; inversion model; porosity; shallow natural gas;
Funci Expressway

1. Introduction

In the preparation stage of tunnel construction, some managers often do not do their job in controlling
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the safety risks of tunnel projects. The risk control as well as management of tunnel engineering
construction is not in place, leading to the occurrence of safety accidents [1-4]. With the rapid
development of infrastructure, the construction of highway tunnels has been accelerated, creating
favorable conditions for driving economic development [5-6]. However, due to the relatively large
number of hidden dangers in tunnel construction, if not managed effectively, it will cause safety and
quality problems, affecting the reliability of the project, which will lead to serious consequences [7-9].
Tunnel construction is a high-risk engineering activity, involving personnel safety, equipment safety,
environmental protection and other aspects, so in tunnel construction, safety management should be
strengthened, and management requirements should be strictly enforced in accordance with the
characteristics of the project, and risk warning technology should be reasonably applied to prevent
accidents from occurring [10-13].

As a kind of unconventional natural gas, shallow natural gas is located in geological conditions and
its own characteristics are different from deep natural gas, with wide distribution, shallow burial, thin
gas layer, low pressure, gas and water in the same layer, loose reservoir and large changes, etc., the cost
of using conventional oil and gas exploration methods is high and the economic benefits are low [14-
17]. Therefore, its exploration method is different from that of deep natural gas, and the existing simple,
cheap and effective exploration means should be selected in order to achieve the purpose of
breakthrough in a short period of time [18-19].

Tunneling operations in shallow natural gas-containing soils may cause tunnel displacement,
fracture, or pit instability due to the release of shallow natural gas, resulting in irreparable and
significant economic losses. The article selects the tunnel construction area of Hunan Furnace
Hongshan-Cili Expressway as the research object, analyzes the geological background and regional
tectonic situation of the area, and describes the distribution characteristics of shallow natural gas and
the hazards of tunnel construction. The gas logging data and rock slice identification are used to obtain
rock and gas samples, and the pre-stack AVO inversion model is constructed based on AVO technology
and linear combination of elastic constant terms. Based on the logging data, the reservoir
characteristics of the tunnel construction area of Funci Highway are analyzed, and the pre-stack AVO
inversion model is used to analyze the shallow natural gas distribution in the tunnel construction area
of Funci Highway and carry out a comprehensive evaluation of the tunnel oil and gas, aiming to
improve the safety of the tunnel construction of Funci Highway.

2. Selection of study area and shallow natural gas exploration

In order to drive and accelerate the development of regional economic construction between Furnace
Hongshan and Cili County in Hunan Province, the construction of the highway helps to realize the rapid
connection between the two areas. Due to the relatively shallow depth of the highway tunnel, the
hydrocarbon source rock in the area is relatively old, and does not have the possibility of generating
natural gas after Yanshan, Himalayan and recent tectonics. However, under the action of ancient
geological structures, the deep natural gas migrates upward along the joints and fissures or fractures
to dip the tunnel through the strata and form secondary natural gas reservoirs in the strata. During
the construction of these tunnels, there is a possibility of encountering shallow natural gas, which may
lead to combustion and explosion, jeopardizing the construction safety, so it is particularly important
to carry out comprehensive detection of shallow oil and gas in the Fenzhi Expressway Tunnel.

2.1. Geological background of the study area

2.1.1. Location of work areas. Hunan furnace red mountain to Cili highway, the route from Changde
City, Shimen County and Yichang City, Wufeng Tujia Autonomous County, the junction of the furnace
red mountain (Hunan-Egypt border), connected to the construction of the Huobei high-speed Yidu
(Quanfu River) to the Hubei-Xiangjiang boundary section. By Taiping, Baizhang hillock, Weixin,
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Guotaiqgiao, Dongyueguan, Linjiadai, stopping at Cili County West Zhangjiazhan, connected to the built
Hohoku Expressway Cili to Zhangjiajie section, a total length of about 80 kilometers. Figure 1 for the
stove red mountain to Cili highway road map. The route of Sanglong Expressway Project starts from
Hongjiaguan Township of Sangzhi County to connect with the constructed Zhangjiajie-Sangzhi
Expressway, passes through Chenjiahe Township and Shanghexi Township, and then enters into the
territory of Longshan County, passes through Shuitianba Township and Tsiyantang Township, and
stops at Maoping Township to connect with the constructed Longshan-Yongshun Expressway, with a
length of about 61.45 kilometers.

Fig. 1. The red mountain to the CiLi highway road map

The region has developed gullies and a large number of streams, which have obvious seasonal river
characteristics due to the influence of topography and climate. That is, the flow is small or dry in the
dry season, flooding in the flood season, and the river flow varies greatly during the year. Rainy season
mountain surface water into the gully and through the gully drainage, gully water flow can be up to 5
to 10 times the usual flow, dry season stream flow is small, or even cut off, for the typical mountain
type stream. Highway design should take safety protection measures to prevent the roadbed and
bridge abutment from flood hazards.

2.1.2. Regional tectonics:

1) Tectonic evolution. Northwest Hunan is located in the northwestern region of Hunan Province,
belonging to the Yangzi Plateau area, and the study area from the Aurignacian to the Early Paleozoic is
a passive continental margin on the southeastern edge of the Upper Yangzi landmass. At the end of the
Caledonian, the collision between the Huaxia Plate and the Yangzi Plate produced a westward
retrograde thrusting effect, and a marginal fold belt consisting of large retrograde fractures and folds
appeared in the western part of Northwest Hunan Province, forming a complex tectonic condition
dominated by the two major tectonic systems of the north-east tectonic system and the north-east
tectonic system. The arrangement of ruptures and folds in the area is characterized by the distribution
of groups, with certain genesis links and similar combinations.

2) Tectonic features. Hunan Province is located in the southern part of the second complex subsidence
belt of the Neohuaxian system and the second complex uplift belt of the Neohuaxian system in the East
Asian continent, and north of the middle part of the latitudinal tectonic belt of the South Ridge.
Generally speaking, Hunan Province has developed many tectonic systems, including east-west
tectonic system, north-south tectonic system, various torsional tectonic systems, north-west tectonic
system, and other tectonic systems with unknown system affiliation. The outline of its distribution is
that Hunan belongs to the northern part of the middle section of the Nanling giant latitudinal tectonic
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belt, and there are three regional east-west tectonic belts crossing the province in central and northern
Hunan. Bounded by the Shimen-Anhua-Wugang line, the east and west sides are respectively the
second subsidence zone and the second uplift zone of the Neo-Chinese tectonic system, with the
Huaxia tectonic system hidden in between. In the south and center, there is a north-south tectonic belt
and a mountain-type tectonic structure with the top of the arc facing west. At the same time, there are
various types of spiral tectonics in the center. In terms of tectonic patterns, the province can be roughly
divided into two areas with obvious differences. Northwestern Hunan is dominated by wide, gently
spreading folds, with ruptures taking second place. In central and southern Hunan, there are mostly
box-shaped compact folds, and the fracture structure is extremely developed.

Figure 2 shows the geotectonic map of the study area. Cili County is located in the northwest of
Hunan, an arc-shaped tectonic belt protruding to the north and west of the arc of the turning part,
crustal tectonics is more complex, according to the tectonic system of the spread and
interrelationships, can be divided into the following four categories:

1) Huaxia system tectonics, spread in the southwest of the county. From north to south, there are
DuTanPing - NanshanPing fracture, WubaoXi backward sloping, ChenJiaWan oblique, south public
collapse into the scissors temple fracture, FeiYanYa backward sloping, hole creek - gold collapse
fracture and the silk Mao collapsed oblique.

2) Regional east-west tectonics, spread in the northern part of the county. From the south to the
north, there are mainly the open Sanguansi Temple dyke and the tight Zhuangzhuang collapse dyke,
the Longtanwan dyke and the Xiangjiaxi dyke, and so on.

3) The new Huaxia system, which can only be seen in the western edge of the county, is the north-
north-east oriented Yujiazui to Sanguansi dyke.

4) Turbulent torsional tectonics, spreading in the eastern part of the county, consists of a number of
pressure-torsional fractures and axially curved folds with curved arcs and steep inclination angles.

Fig. 2. Geological map of the research area

The hydrocarbon source rocks in the area are relatively old, and after Yanshan, Himalayan and
recent tectonic modification, the gas reservoirs have been damaged more seriously, and it is probable
that large-scale gas reservoirs cannot be formed, but the formation of small-scale natural gas
aggregation due to suitable closure conditions cannot be excluded. Combined with the regional



SIMULATION OF SHALLOW NATURAL GAS DISTRIBUTION IN TUNNEL 8531

geological data and field investigation, most of the hydrocarbon rock layers in the area are directly
exposed on the surface, with the possibility of lateral dispersion, which affects the preservation of
natural gas. However, there are more reverse faults developed in the area, and most of the faults are
open faults, which provide a passageway for the transportation of shallow natural gas, and can play a
certain positive role in the preservation conditions. The shallow natural gas risk level of the tunnel
project needs to be further determined by analytical tests in the field and indoor.

2.2. Shallow natural gas distribution characteristics and hazards

2.2.1. Characteristics of shallow natural gas distribution. According to the existing railroad tunnel
technical specifications on the classification methods and standards for gas tunnels, low-gas work
areas and high-gas work areas can be determined by the absolute gas outflow, when the gas outflow
of the whole work area is less than 0.5m3/min, itis a low-gas work area, and when it is greater than or
equal to 0.5m?/min, itis a high-gas work area. From the point of view of the existing normative division
standards and methods, this is a big difference with shallow natural gas, mainly in:

1) Shallow natural gas is not the deep industrial and civil gas reservoirs sought by the petroleum
and geological drilling department, and its pressure and concentration are very low, which cannot be
measured under normal circumstances.

2) The depth of railroad gas tunnels is generally shallow, and the natural gas obtained by geological
drilling is non-industrial and civil gas, with weak pressure and little gas volume, which makes
measurement and calculation quite difficult.

3) The tunnel body passes through the section is generally non-hydrocarbon geological rock layer,
the shallow natural gas in the tunnel is the underground oil and gas along the geological tectonic
movement formed in the tectonic fissure, fault fracture zone voids and other channels, from deep to
shallow, from the bottom to the top, with the long geologic era of change, transportation, and gradually
upward to the shallow strata of the ground immersion in the formation of the large tectonic fissures,
fault fracture zones, the large void formed in the independent gas capsule body. The formation pattern
of gas pockets is shown in Figure 3, and its reserves and distribution are characterized by large
differences, random changes and uncertainties. Therefore, tunnel natural gas prediction and
forecasting also have randomness and uncertainty.
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Fig. 3. Tunnel balloon formation pattern

In summary, the degree of development of shallow natural gas is closely related to the geological
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paleotectonic background (subduction tectonics) in which it is located and the shallow geological
formations.

2.2.2.  Natural gas hazards to tunnel construction. A gas field has been discovered in the vicinity of
the high speed tunnel construction, and based on the tectonic features there may be significant gas-
bearing formations, as well as land-phase shallow oil and gas assemblages. The main construction
risks are as follows:

1) As natural gas is rich in methane, hydrogen sulfide and other flammable components, it will burn
or even explode when it reaches a certain concentration, which will seriously jeopardize the safety of
human beings and equipment.

2) Hydrogen sulfide and other toxic gases, inhalation will cause personal injury.

3) Hydrogen sulfide is also highly corrosive, causing harm to people and equipment, and affecting the
work schedule.

When the high-speed tunnel passes through the gas field area or closed tectonic ring, it may
encounter natural gas. Therefore, it is one of the work contents of this tunnel special geological
investigation study to assess the natural gas hazard of the tunnel in this area, to provide a basis for the
design and construction, and to take corresponding engineering measures to ensure the safety of
construction and operation.

3. Natural gas inversion model based on AVO technology

AVO technology is a technology to study the change of seismic reflection wave amplitude with the gun
check distance, analyze the change rule in the pre-stacked channel set, get the elastic parameters of
the rock, discriminate the lithology and pore filling, in order to achieve the purpose of directly
searching for natural gas reservoirs. In the process of high-speed tunnel construction, it is clear that
the shallow natural gas situation in the construction area can help the excavation of the tunnel in the
later stage, and through the support of real and reliable data to avoid the risk area of high-speed tunnel
construction in advance, so as to ensure the safety of high-speed tunnel construction.

3.1. Data Acquisition and Characterization of Thin Slices

3.1.1. Field Gas Logging. Gas logging is the most direct means of determining the gas content of
underground cores. During the drilling process, if the drilling encounters a hydrocarbon layer, the oil
and natural gas will enter the drilling fluid through filtration and diffusion. Gas logging is a logging
method that directly measures the content and composition of natural gas in the drilling fluid to
determine the nature of oil and gas in the drilled formation, and this method can detect oil and gas
shows in time.

The main gas logging equipments used in this gas testing project of Fuzi Highway Tunnel are SK3Q01
hydrogen flame chromatograph, YH Technology 615L industrial control computer, SK-7T06 explosion-
proof electric degasser, SK3Q01 hydrogen flame chromatograph can complete the analysis of C1~Cs
and blowback in 5 minutes, and complete the analysis of C1~Cs and blowback in 2 minutes, and the
separability of C1/Cz is good. It can accurately measure the group stratum, tectonics, natural gas
concentration and other information to comprehensively determine the gas category of the tunnel for
tunnel construction design services.

1) Sampling standard. In the middle of each tunnel borehole, near the bottom plate to take rock
samples of each group, drilling encounter coal seams, carbonaceous mudstone, etc., according to the
actual situation of the appropriate encryption, rock samples require a length of 10-20cm, on-site
encapsulation.

2) Gas collection. In order to quantitatively analyze the main components of the gas in the tunnel
stratum, the gas near the tunnel palm face was collected. The gas collection method is mainly the
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gunnel method, by drilling a gunnel into the palm face and sealing it at the base of the gunnel. Then
the gas collection hose was passed through the borehole to the rock body, and finally the gas collection
was carried out through the suction ball.

3.1.2. Identification of rock fragments. Thin section identification is a method of identifying
transparent minerals and rocks under a polarized light microscope. Mineral or rock specimens ground
into thin slices, under the polarized light microscope to observe the crystallization characteristics of
minerals, determine its optical properties, determine the mineral composition of the rock, study its
structure, structure, analyze the order of mineral generation, determine the type of rock and its genesis
characteristics, and finally set out the name of the rock.

Thin section identification method is an important method often used in geological mineral
searching work, also applied to other industries, agriculture and medicine. Polarized light microscope
is used to study the so-called transparent and opaque anisotropic materials of a kind of microscope,
the principle is that all have birefringent material, in the polarized light microscope will be able to
distinguish clearly. Reflective polarizing microscope is a necessary instrument to study and identify
the birefringent materials by using the polarization property of light, which can be used for single
polarized light observation, orthogonal polarized light observation and cone light observation. With
reference to the requirements of rock flake identification, this flake identification mainly adopts Leica
type polarizing microscope. This polarizing microscope has the advantages of integrating camera and
software module, easy operation and so on.

3.2.  Pre-stack AVO inversion modeling

3.2.1. Basic Theory of AVO Analysis. AVO technology is based on the theory of elastic waves, through
the in-depth study of the dynamic properties under the action of seismic waves and the relationship
between formation lithology [20]. By using AVO forward simulation, the AVO characteristics of oil, gas,
water and lithology can be known, which provides a basis for the qualitative prediction of oil and gas
reservoirs, and the change of amplitude with the angle of incidence itself contains important
information about the lithological and tectonic coefficients. The AVO relationship can be used to
directly invert the physical parameters of the rock mass, and then use these parameters to characterize
the reservoir structure qualitatively or quantitatively.

Assume that there are two layers of media with different elastic parameters above and below the

interface. The elastic parameters above the interface are V.V, and p,, and the elastic parameters

below the interface are V,,V,,

and p,.Based on Huygens' principle, when a P-wave propagates to
a reflection point at an interface, that point can be considered as a new source and continues to
propagate in the upper and lower media. Seismic waves in the incident and transmitted media are
called incident and transmitted waves, respectively. Their intrinsic relationship should satisfy Snell's

law, viz:
sina |_ sinf _sina_sinf

4 Va 7, Va

pl p2

P (1)

where « and [ represent the reflection angles of the reflected longitudinal wave and the reflected
converted wave, respectively. «' and f' represent the transmission angle of the transmitted
longitudinal wave and the transmitted converted wave, respectively. The relationship between the
angles and velocities of incident, reflected and transmitted waves can be reflected by the formula.
Based on the theory of seismic wave dynamics, the relationship between the reflection and
transmission coefficients of P- and S-waves can be expressed using the Zoplitz equation, i.e.:
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where R, and R, are the reflection coefficients of the reflected P-wave and reflected SV-wave, and

T . and T L, are the transmission coefficients of the transmitted P-wave and transmitted SV-wave, in

that order [21].

3.2.2. Pre-stack AVO inversion methods. Under the assumption of small variations of elastic
parameters on both sides of the interface, the PP wave reflection coefficient is approximated as a linear
combination of three elastic constant terms in terms of longitudinal wave velocity, transverse wave
velocity, and density, viz:

AV ( _4sin? L,
L e
2 Vp }/sat V 2 ysat p

s

where, AV, is the difference between the upper and lower longitudinal wave velocities at the
interface, AV, is the difference between the upper and lower transverse wave velocities at the
interface, Ap is the difference between the upper and lower densities at the interface, V), is the
mean value of the upper and lower longitudinal wave velocities, V; is the mean value of the upper
and lower transverse wave velocities, p isthe mean value of the upper and lower densities, @ isthe
angle ofincidence,and y_, =(VpVS)za isthe team transverse wave velocity ratio of the saturated rock
[22].

It is assumed that the longitudinal wave velocity ¥, and transverse wave velocity V of the rock

in the above equation are frequency dependent, and it is assumed that the density does not vary with
frequency. Therefore, the frequency dependence of 7, and V; leads to the variation of the reflection
coefficient with frequency @. Therefore, by extending the AVO approximation in the above equation

with respect to longitudinal and transverse wave velocities to the frequency-dependent form, the
frequency-dependent reflection coefficient equation is established as:

AV _Agin? .2
R ,(9)=(l+ltan20)—” ()| 0NV, () [ 1 250080 ”
" 2 2 Vp ysat VS 2 ysat p
Let the coefficients be respectively:
A(0) LA, 0
2 2
—4sin’ 6
B(O)=——— (5)
1 2sin*@
C(Q):E_ >
sat

Eq. (4) is simplified and expressed as:
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AV, AV, Ap
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P
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Define D, and D as the dispersion properties associated with the longitudinal wave velocity

D - i(“’p J
" om| Y,
b0 [
ow\ V.
The dispersion property in Eq. (7) is estimated using the following frequency-varying AVO inversion

formula.
First, Egs. (6) and (7) are organized as:

AR, =R, (0.0)-R,, (0.0,)=(0-,) AO)D,, +B©O)D, ] (8)

V., and transverse wave velocity Vj, then:

(7)

Considering the seismic subwave effects, both sides of Eq. (8) are obtained by multiplying the
subwave spectrum W(w):

AS =5(0,0)—S(60,0,) = (@—a,)W (@) A0)D,, +BO)D, ] (9)

where AS is the time-frequency spectrum corresponding to the AVO data computed by the time-
frequency method and W(w) can be estimated from the data.

After that, the matrix form corresponding to Eq. (9) is given to realize the frequency-varying AVO
inversion, i.e:

i AS(6, o) 1T W ()@, —0,)A(6) W(o ), —0)B(6) ]

AS(6,,m,) Wo, o, —w,)A6,) W, ), —aw,)B(6)

DAk
: = : : [ D } (1 0)
AS(en’a)l) W(a)l)(a)l _a)o)A(gn) W(a)1)(a)1 — @, )B(Hn) g

1AS(0,,0,) | | W(o,)@,—-a,)A06,) W(o,)®,-a,)B(6,) ]

In this case, the time-frequency analysis of the AVO data for » incidence angle is decomposed into
m frequency components to obtain the spectrum AS(6,®).
Eq. (9) can be expressed by the matrix as:

S_C DMc
=C| p, (11)

where s isthe spectrum AS(8,w), C isthe coefficient matrix.
The dispersion property is inverted using the least squares method, i.e:

Dy, T 27\ AT
{D }:(c C+o’I) C'S (12)

i

where o isthe damping factor and / denotes the unit matrix.
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3.2.3. Pre-stack AVO inversion process. Previous researchers have studied and analyzed the
characteristics of shallow natural free gas using post-stack and pre-stack inversion. This paper focuses
on the hydrate layer, hydrate and free gas coexistence layer, and local free gas layer in the target area,
and utilizes the pre-stack simultaneous inversion to study the distribution of the hydrate layer and
free gas layer, so as to provide support for the comprehensive evaluation of oil and gas in the process
of high-speed tunnel construction.

The technical process centered on the pre-stack simultaneous inversion is shown in Fig. 4. Based on
the AVO feature inversion of the pre-stack data, the elastic parameters such as longitudinal wave
velocity, transverse wave velocity, density, longitudinal impedance, longitudinal and transversal wave
velocity ratio, Poisson's ratio, etc. are obtained, and the sensitivity parameter is selected to reveal the
differences between the hydrate layer, hydrate-free gas coexisting layer, and free gas layer, so as to get
the spatial distributions of the hydrate and the free gas finally.

| Stacking velocity | | Prestack data | | Log data |
I l L

| Optimization speed | | Prestack data quality control | | Multi-well log evaluati0n|

| Low-frequency model | | Well vibration calibration | | Petrophysical analysis |

L

Simultaneous inversion
before stack

L

Probabilistic analysis of
lithofacies fluids

L

Spatial distribution of hydrate
and free gas reservoirs

)

| Saturation estimation |

L

| Comprehensive analysis |

Fig. 4. Prestack Inversion workflow
4. Fuzi Expressway Tunnel Construction Safety and Oil and Gas Evaluation

The number of cases of encountering shallow gas strata during high-speed tunnel construction is
gradually increasing, which brings many safety hazards to high-speed project construction. Due to the
irregular distribution of the underground gas layer, the gas pressure of the chambers is different, and
the bearing capacity of each chamber for the overlying soil layer is also very different, which results in
too large a difference in the ground settlement after the release of the shallow gas, and then
irreversible deformation and damage of the tunnel structure occurs. This chapter is based on the high
speed tunnel construction project from Fuhongshan to Cili County in Hunan Province as an example,
and adopts AVO technology to analyze the oil and gas in the tunnel construction of Fuci High Speed
Tunnel, in order to provide support for ensuring the safety of Fuci High Speed Tunnel construction.

4.1. Regional reservoir characterization

4.1.1. Porosity and permeability. Based on the formation data in the area from Furnace Hongshan to
Cili County, it is known that the lithology of the reservoirs of Longmaxi Formation, Qixia Formation
and Wujiaping Formation is mudstone and carbonate rock. The reservoirs are mainly intergranular
solution holes, dissolution enlarged holes, followed by intragranular solution holes, cast holes and
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residual intergranular holes, and cracks are occasionally seen. The core porosity and permeability
were calculated, and the distribution histograms of core porosity and permeability in the region were
obtained as shown in Fig. 5, and the porosity-permeability correlation was shown in Fig. 6. Among
them, Fig. 5(a) and (b) show the distribution histograms of porosity and permeability, respectively.

The porosity of the formations in the region is distributed between 4.5% and 12%, mainly in the
interval of 6% to 10%, with an average porosity of 8.93%. The maximum permeability is 0.004um?,
mainly distributed between 0.001~0.004um?. The rock structure in the area of Funci Highway Tunnel
Project exposes a small amount of strata in the axial part, and the Cretaceous strata are exposed at the
surface of the two flanks. Therefore, in the two flanks of the tectonic structure, the capping conditions
of the reservoirs are good, the capping conditions of the reservoirs in the middle and upper part of the
tectonic axis are relatively poor, and the capping conditions of the reservoirs in the middle and lower
part of the tectonic axis are relatively good. Under the analysis of the porosity of the rock layer, it can
be understood that the fault closure effect becomes weaker with the decrease of the burial depth of
the fault, so the upper fault in the region plays a destructive role in the gas reservoir. However, if the
sand body is not in direct contact with the fault, it can still rely on the lateral confinement of the
mudstone to prevent the oil and gas from being dispersed longitudinally along the section. Therefore,
when carrying out high-speed tunnel construction, attention must be paid to the local shallow natural
gas enrichment in the area of faults and joint fissures.
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4.1.2. Crack development. In order to further understand the fracture development of the rock
formations in the tunnel construction area of Furnace Ci Highway, the sandstones of Longmaxi
Formation, Qixia Formation, and Wujiaping Formation were analyzed for porosity-permeability
relationships. Figure 7 shows the results of the fracture development condition, in which Figures 7(a)
and (b) show the porosity-permeability relationships of sandstones from different regions and
different sections of the gas reservoir.

In general, the sandstone in the construction area of Funci Highway Tunnel has a good porosity-
permeability relationship, and the analysis of the pre-pressure pressure recovery data of the gas
reservoir wells also shows the characteristics of a single-medium, pore-type reservoir. However, cracks
can be seen in some samples. According to the statistics of physical properties of sandstone in the
construction area of Funci Highway Tunnel, 25% of the samples with porosity greater than 6% have
permeability less than 0.002um?, and 20% of the samples with porosity greater than 10% have
permeability less than 0.004pum?. Therefore, fracture development can improve the reservoir
percolation capacity to a certain extent, so that some sandstones with porosity reaching the standard
of high-quality reservoirs can have the permeability corresponding to high-quality reservoirs at the
same time.

The sandstone at the bottom of L1 section has significantly lower porosity than the sandstone in
L.2~L3 sections. However, when the porosity is greater than 8%, corresponding to the same porosity,
the sandstone in the L1 section has a larger median radius and higher permeability, indicating that
there are a large number of microfine seams in the sandstone. These microfine intragranular and
marginal seams are short in extension, widely distributed, and similar in size to matrix pore throats,
so they can be attributed to the matrix pore system. Microfine seams usually occur in sandstones with
high quartz, high feldspar, and low clasts. Meanwhile, microseams are relatively more developed in L3
gas reservoirs in areas where faults are developed, such as the main body and the southeast flank of
the Longmaxi and Qixia Formations. The permeability of sandstones in the Wujiaping Formation is
generally greater than 0.01 um?, of which the II and III reservoirs account for 40%~65%, and the I
reservoirs only account for 10%. According to statistics, permeability <0.01um? in samples with
porosity >8% accounts for 25%~40%, and permeability <0.1um? accounts for 55%~60%. Therefore,
the fracture is crucial to the improvement of reservoir percolation capacity, and the degree of fracture
development determines the good or bad percolation capacity of the reservoir, which is directly
related to the gas content of the reservoir, and provides help to clarify the gas content situation in the
construction area of Funci Highway Tunnel.
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4.1.3. Low-frequency characterization of gas-bearing reservoirs. Fenghongshan Tunnel passes
through the strongly weathered tuff and moderately weathered tuff of Permian System, moderately
weathered tuff of Fengning Group of Carboniferous System, moderately weathered shale sandstone of
Upper Devonian System, Saibang Formation of Upper Silurian System, Luojaping Formation of Middle
Silurian System, without crossing the hydrocarbon rock layer, and the tectonic movement is strong,
and the strata are inverted. Taking the rock data of Fenghongshan Tunnel in the construction area of
Furnace Ci Highway Tunnel as an example, the logging curves are normalized, and then the layer
velocity-burial depth relationship is converted by using acoustic data. Figure 8 shows the layer
velocity-buried depth relationship of the chemical tuff and sandstone.

As can be seen from the figure, with the increase of burial depth, the layer velocity increases
gradually, and when the burial depth increases from 150 m to 550 m, the layer velocity can reach up
to 3.18*103 m/s. Among them, the layer velocity of the dry sandstone is the largest, followed by the
water-bearing sandstone, then the mudstone and oil-bearing sandstone, and the layer velocity of the
gas-bearing sandstone is the lowest. The layer velocity of gas-bearing sandstone is greatly reduced,
which inevitably leads to a significantly lower frequency, and it is also an effective method to predict
the distribution of gas layers in the sand body in the construction area of Funci Highway Tunnel by
utilizing low-frequency attributes.
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Fig. 8. Layer velocity - buried depth diagram

4.2. Analysis of pre-stack AVO inversion results

4.2.1. Wave impedance to velocity ratio. The pre-stack AVO inversion volume plate analysis is the
key to differentiate shale gas layers from other shale gas-free enclaves and to distinguish how much
shale gas layers contain. The known logging information (such as its transverse wave velocity,
longitudinal wave velocity, density, etc.) in the test work area is utilized in combination with the
reservoir information (such as Class I reservoir, Class Il reservoir, Class 1l reservoir, non-reservoir, etc.)
of its logs. Using the pre-stack AVO inversion model to analyze its intersection map and histogram, and
using the longitudinal wave velocity, transverse wave velocity, density, and Poisson's ratio, longitudinal
and transverse wave velocity ratio, Lamei's coefficient, etc., calculated from the three elasticity
parameters, to differentiate between the enclosing rocks of the class I reservoir, class Il reservoir, class
III reservoir, and non-reservoir, which is conducive to the identification of the distribution of the
shallow natural gas in the construction area of the Foucie Highway Tunnel.

Based on the pre-stack AVO inversion model and the inversion process given in the previous section,
the Longmaxi Formation and the Qixia Formation in the Funci Highway tunnel construction area are
selected for the wave impedance to wave velocity ratio solution. Figure 9 shows the intersection of
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wave impedance and wave velocity ratio of longitudinal and transverse waves in the region.

From the figure, it can be seen that the longitudinal wave velocity ratios of the non-reservoirs are
mainly distributed between 1.59 and 1.86, while the longitudinal wave velocity ratios of the class I
reservoirs are between 1.44 and 1.63, the longitudinal wave velocity ratios of the class Il reservoirs
are located between 1.45 and 1.69, and the longitudinal wave velocity ratios of the class Il reservoirs
have a wider distribution range of the longitudinal wave velocity ratios between 1.45-1.86.
Longitudinal wave velocity ratios, which can be well differentiated from the class I reservoirs, class Il
reservoirs and non-reservoir surrounding rocks. However, the range of the longitudinal and transverse
wave velocity ratios of the three types of reservoirs is too broad, which makes it difficult to distinguish
the three types of reservoirs and non-reservoir surrounding rocks. Therefore, the longitudinal-
transverse wave velocity ratios could not distinguish between shale-gas-free enclosing rocks and gas-
bearing Class I storage, Class Il reservoirs, and Class III reservoirs. Whereas the range of longitudinal
wave impedance of class I storage is between 0.55-0.99, the distribution of longitudinal wave
impedance of class Il storage is between 0.63-1.33, the distribution of longitudinal wave impedance of
class III storage is between 0.73-1.38, and the distribution of longitudinal wave impedance of non-
reservoir enclosing rock is between 1.48-2.01, which shows that longitudinal wave impedance is able
to distinguish perfectly between the gas-bearing It can be seen that the longitudinal wave impedance
can perfectly distinguish the gas-containing Class I reservoirs, Class Il reservoirs, Class III reservoirs,
and gas-free non-reservoir surrounding rocks. Therefore, longitudinal wave impedance is the key
parameter to distinguish gas-bearing reservoirs and non-reservoir surrounding rocks. During the
construction of the tunnel of Funci Highway, the change of longitudinal and transverse wave
impedance in each area can be clarified to determine whether the shallow natural gas is contained or
not.
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4.2.2. Inversion results of different methods. Based on the analysis results in the previous section,
multiple angular channel sets are obtained by stacking the pre-stacked channel sets by angles, and
sub-waves are extracted from each angular channel set for inversion, and AVO inversion and the
inversion method based on adaptive hybrid paradigm method (AHN) are used to compare the pre-
stacked inversion. Figure 10 shows the results of the comparison between the inversion results of
different methods and the original logging curves, in which Figure 10(a)~(b) shows the longitudinal
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wave velocity inversion results of the two methods, and Figure 10(c)~(d) shows the density inversion
results of the two methods.

As can be seen from the figures, the longitudinal wave velocity and density obtained by using the
pre-stack AVO inversion model have good correlation with the original logging curves from the general
trend, and the error of the two is only 2.04% at the highest. On the other hand, the inversion method
based on the adaptive mixed-paradigm approach has a large difference with the original log curve, and
its error value can be up to 5.78%. This shows that the pre-stack AVO inversion model designed in this
paper can effectively obtain the longitudinal wave velocity and density variations in the study area,
better reflecting the gas content variations in different reservoirs, and the inversion results are in good
agreement with the geological conditions. The inversion results can clearly reveal the interface
between sandstone and shale, the lithology is clearly differentiated, the longitudinal wave velocity and
density have obvious low value anomalies in the target layer section, and the high-velocity carbonate
rock below the target layer shows high longitudinal wave velocity and high density characteristics,
which is consistent with the results of the actual drilling. Relying on the pre-stack AVO inversion
results, the shallow natural gas changes in the study area can be clarified, which will provide data

support for the tunnel construction of Fuzi Expressway to avoid the risk area and enhance the
construction safety.

Longitudinal velocity(m/s) Longitudinal velocity(m/s)
500 3;2 3;6 4.0 4;4 4;8 500 3;2 3;6 41.0 /:‘:4 4;8
2
520 1 520t =
Actual data Actual data
Sl Initial model A0 Initial model
Inversion result Inversion result
72 L «\ L
& 560 3560
H :
= 580 s 580
600F 600
620t 620t ﬁ\ .
N
>
R
640 40— . ; . ;
(a) AVO-Longitudinal velocity (b) AHN-Longitudinal velocity
Density(g-cm™) Density(g-cm™)
500 2;3 2;4 2:5 ) 2:6 500 2;3 2;4 2.'5 )2;6
) ¢
¢
520¢ 520¢ Actual data )|
;\c:u;}l da;a | Initial model \:)
nitial mode < - \
540r ——Inversion result 5401 eeanresult u
@ ~ S
) | ] + &
§560 5560 X
£ g
i 580F la
600
620
640

(c) AVO-Density (d) AHN-Density



8542 GENG ET AL.

Fig. 10. Different methods of inversion results

4.3. Furnace Ci Expressway Tunnel Oil and Gas Evaluation

In this section, the Jianfengling Tunnel in Funci Block and the Chenjiapo Tunnel in Sangzhi Block are
mainly selected to carry out oil and gas evaluations as a way to provide data support for the safety
construction program of the Funci Expressway tunnel construction.

4.3.1. Furnace Ci Block - Tsim Sha Tsui Tunnel, Jianfengling Tunnel crosses the Quaternary System,
Zhiliu System Saibao Formation and Luojiaoping Formation, and does not cross the hydrocarbon
source layer, but the underlying Longmaxi Formation is an excellent hydrocarbon source rock, and it
is not excluded that there is a small amount of shallow natural gas, and there is no natural gas showing
in shallow natural gas testing of the Jianfengling Tunnel's 01 and 02 holes, which comprehensively
evaluates that the Jianfengling Tunnel is a micro-gas tunnel. Based on the logging data given in the
previous section, the sample test data of Jianfengling Tunnel in Fenzhi block are counted, and the oil
and gas evaluation results of Jianfengling Tunnel boreholes are shown in Table 1.

Jianfengling Tunnel holes 01 and 02 were drilled to encounter the Saibang Formation, and the
organic matter abundance of the drilled rock formation is non-hydrocarbon source rock, the maturity
of organic matter is immature, oil-bearing zone, the organic matter type is type III, and the
hydrocarbon potential is extremely poor. The evaluation of Jianfengling Tunnel holes 01 and 02 is no
gas. Jianfengling Tunnel boreholes 01 and 02 mainly pass through shale and mudstone strata, except
for the mudstone at 98.51~98.72m in Jianfengling Tunnel borehole 02, which is a very low porosity
and low permeability reservoir with very poor reservoir performance, and the rest of them are low
porosity and very low permeability reservoirs with average reservoir performance. The evaluation of
Jianfengling Tunnel 01 hole is low gas, and Jianfengling Tunnel 02 hole is micro gas.

Overall, the two drill holes of Jianfengling Tunnel have very poor hydrocarbon potential and average
reservoir performance, and Jianfengling Tunnel has not traversed the hydrocarbon rock layer. The two
boreholes of Jianfengling Tunnel have no gas measurement, and the shallow natural gas test shows no
natural gas, so the gas content is very poor. The comprehensive evaluation is a micro-gas tunnel.
During tunnel construction, strengthen the prediction and monitoring of shallow natural gas, and
strengthen tunnel ventilation.

Table 1. Sample test data statistics

Tunnel name Jianfengling tunnel-01 Jianfengling tunnel-02
Sampling depth 21.35~21.51 58.42~58.53 76.74~76.87 98.51~98.72
Lithology Shale Shale Mudstone Mudstone
Porosity 2.21% 3.03% 2.53% 0.67%
Permeability 0.003pum? 0.011pm? 0.011pum? 0.002um?
TOC 0.158 0.076 0.069 0.085
Tmax 446.5 332.7 335.8 431.9
IH 48.06 29.14 45.49 38.63
D 4.73 3.65 4.92 3.98

4.3.2. Sangchu Block-Chenjiapo Tunnel. Chenjiapo Tunnel passes through the Quaternary, Permian
Maokou Formation, Qixia Formation, and the middle Silurian Xiaoxiyu Formation, and crosses the
hydrocarbon source rock layer of the Qixia Formation. Although the Qixia Formation passes through
the sky, and the downward mobility of the layer is strong, the inclination angle of the rock layer is small,
and the faults are occasionally seen in between the layers, and the fracture and cleavage are more
developed. Table 2 shows the statistics of the sample test data of Chenjiapo Tunnel.

1) Geochemical characteristics. Chenjiapo Tunnel hole 05 drilled Maokou Formation, 145.38m,
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153.47m drilled rock layer organic matter abundance is excellent hydrocarbon source rock, organic
matter maturity is oil-bearing zone, organic matter type is III, the potential for hydrocarbon is general,
evaluation of Chenjiapo Tunnel hole 05 for low gas.

2) Reservoir characteristics. Chenjiapo Tunnel borehole 05 mainly passes through tuff,
carbonaceous mudstone and dolomite strata, special low porosity and low permeability reservoir, with
very poor reservoir performance, evaluating Chenjiapo Tunnel borehole 05 as no gas.

Overall, the hydrocarbon potential of Chenjiapo Tunnel borehole 05 is average, with very poor
reservoir performance, and Chenjiapo Tunnel passes through the hydrocarbon source rock layer of
Qixia Formation. There is no obvious gas anomaly in one borehole of Chenjiapo Tunnel, no natural gas
in shallow natural gas test, and the absolute gas outflow is 0, which is poor in gas content. It is
evaluated as a low-gas tunnel. During tunnel construction, strengthen the prediction and monitoring
of shallow natural gas, and enhance tunnel ventilation.

Table 2. Sample test data statistics

Tunnel name Chenjiapo tunnel -05
Sampling depth 91.54~91.72 145.38~145.72 153.47~153.81 176.42~176.94

Lithology Limestone Carbonite Carbonite Dolomite

Porosity 1.48% / / 1.31%
Permeability 0.002pm? / / 0.006pm?

TOC 0.735 5.742 5.679 0.498

Tmax 476.7 442.9 461.8 379.5

IH 2.115 5.478 4.182 2.051

D 0.276 0.563 0.406 0.294

5. Conclusion

This paper takes the high speed tunnel construction area from Fenghongshan to Cili County as an
example, and constructs a natural gas inversion model by using AVO technology to carry out data
analysis and comprehensive evaluation of the regional reservoir characteristics and shallow natural
gas in the Fenghongshan-Cili high speed tunnel construction. The porosity of the rock layer in the
tunnel construction area of Funci Highway ranges from 4.5% to 12%, with an average porosity of 8.93%
and a maximum permeability of 0.004 um?. When the burial depth increases from 150 m to 550 m, the
maximum layer velocity can reach 3.18*103 m/s. In the results of pre-stack AVO inversion, the
distribution of longitudinal wave impedance of the non-reservoir surrounding rock ranges from 1.48-
2.01, and the error between the longitudinal wave velocity and density obtained from the inversion
and the original logging curves is only 2.04% at the highest. Based on the logging data, we can
effectively realize the shallow natural gas distribution in Funci Highway Tunnel, and analyze the oil
and gas distribution in different areas by combining the statistical data, so as to provide data support
for improving the construction safety and risk avoidance ability of Funci Highway Tunnel.
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