Arabian Journal of Geosciences (2021) 14:917
https://doi.org/10.1007/s12517-021-07331-9

ORIGINAL PAPER ;.)

Check for
updates

Modeling of gas saturation based on acoustic wave
and pore structure classification and application in the low-porosity
and low-permeability reservoir

Weibiao Xie"**@® - Qiuli Yin? - Guiwen Wang'? - Wei Guan? - Zhiyong Yu?

Received: 9 February 2021 /Accepted: 13 May 2021 / Published online: 18 May 2021
© Saudi Society for Geosciences 2021

Abstract

Gas saturation is an essential parameter in natural gas reservoir evaluation. As complex pore structure reduces the resistivity
contrast between gas and water layers, gas saturation is difficult to calculate accurately by rock resistivity in low-porosity and
low-permeability reservoir. The gas saturation is positively correlated with the relative value of compressional wave (P wave)
slowness’ square based on the rock acoustic wave theory. In this study, rock samples are divided into four types of pore structures
according to nuclear magnetic resonance (NMR) data. Relation models between the gas saturation and the relative value of P
wave slowness’ square are established for each type. New models are further applied in field logging data in low-porosity and
low-permeability gas-bearing sandstone reservoirs. The result shows that the new models calculated gas saturation is in good
agreement with the gas-producing test. This paper provides a new way of qualitative evaluation of gas saturation. It enriches
effective evaluation methods in low-porosity and low-permeability gas-bearing reservoirs with non-electrical logging data.

Keywords P wave and S-wave slowness - Low-porosity and low-permeability reservoir - Gas saturation - Pore structure
classification

Introduction

Natural gas reservoir becomes explore hotspot in recent years
(Hosseini et al. 2013; Tamaki et al. 2016). Gas saturation is a
crucial parameter in natural gas reservoirs, and it is a basic
data of research works of reserve calculation and exploitation
plan (Kadkhodaie-Ilkhchi et al. 2014; Yan et al. 2013; Zhao
etal. 2020). At present, the gas saturation is mainly calculated
by rock resistivity methods (Xu et al. 2015; Junchang et al.
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2011; Wang Xiujuan et al. 2010) and non-electrical methods
(Honggxia et al. 2015; Fattahi and Karimpouli 2016; Sambo
et al. 2018; Mollison et al. 1999).

Acoustic logging data is one of the non-electric methods to
estimate the gas saturation (Yuguang et al. 2008; Gaowei et al.
2014; Lucier et al. 2011). Many researchers have carried out
fundamental researches in rock acoustic theory (Dutta and
Seriff 1979; Dutta 2012) and rock acoustic experiments
(Gist 1994; Endres and Knight 1991; Uyanik 2019). Brie
et al. (1995) has proposed the cross plot of the compressional
wave (P wave) slowness and the velocity ratio of P wave and
shear wave (S-wave) to predict gas content (Brie et al. 1995;
Keys and Xu 2002). Smith and Yafei (1987) have proposed a
method of identifying the fluid property using P wave and S-
wave data (Smith and Gidlow 1987; Yafei 1999). Haines et al.
(2020) have reported a gas saturation estimation method by
acoustic log data in the Hydrate Stratigraphic (Haines et al.
2020). Shi et al. (2019) have studied quantitative evaluation of
the porosity and the gas saturation, and qualitative identifica-
tion of the lithology, the gas potential, and the fracture effec-
tiveness of shale gas reservoirs by dipole array acoustic log-
ging (Wenrui et al. 2019). Dugarov et al. (2019) have reported
acoustic velocity models for samples bearing hydrates of
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different types (Dugarov et al. 2019). Liu et al. (2019) have
reported a new method of estimating the free-to-adsorbed ratio
in shale gas reservoirs using acoustic amplitude attenuation
(Kun et al. 2017). Moreover, many scholars have carried out
research works on the relationship between water saturation
and acoustic velocity (King et al. 2000; Khaksar et al. 1999;
Na'imi et al. 2014; Morgan et al. 2012).

However, the measured acoustic velocity is affected by
many factors (White 1975; Dehua et al. 1986; Sams and
Andrea 2001; Jixin et al. 2004). The pore structure is an im-
portant influencing factor (Neithalath et al. 2005; ElI-Husseiny
et al. 2019; Li Tianyang et al. 2020; Amalokwu et al. 2015).
Junbao et al. (2019) have discussed the effect of different
saturation degrees and the micro-pore characteristics on the
longitudinal wave velocity (Wang Junbao et al. 2019). Lee
and Waite (2008) have reported a velocity-based estimation
method of the pore-space gas hydrate saturation (Lee and
Waite 2008). Sun et al. (2002) have introduced the formation
geometrical as a factor to characterize the pore structure’s
influence on the wave velocity (Sun et al. 2002). Si et al.
(2016) and Siggins and Dewhurst (2003) have discussed the
influence of the saturation, the pore pressure on the sandstone
acoustic properties (Wenpeng et al. 2016; Siggins and
Dewhurst 2003). The influence of pore structure needs to be
fully considered in the acoustic method of gas saturation
calculation.

The low-porosity and low-permeability sandstone reser-
voirs have various pore structure types according to mercury
injection and nuclear magnetic resonance (NMR) data (Zhao
etal. 2016a, b, Zhao et al. 2017; Xie et al. 2021; Wang and Li
2008; Liang et al. 2016; Endres and Knight 1991). It is nec-
essary to consider the pore structure’s influence on the rela-
tionship between the acoustic characteristics and the gas sat-
uration. To achieve the purpose of quantitative evaluation of
the gas saturation in the low-porosity and low-permeability
sandstone reservoir, the paper has divided the rock samples
into four types of pore structures according to the NMR ex-
perimental data. The relationship models between the gas sat-
uration and the acoustic wave characteristics have been
established for each pore structure type. Further, new models
have been applied in field logging data to verify the accuracy
of gas saturation calculation. The new method provides a ref-
erence for gas-bearing identification in tight sandstone and
carbonate reservoir.

Modeling of gas saturation

Under the assumption that the rock is homogeneous and iso-
tropic, the Gassmann equation is a relationship model among
the bulk modulus of fluidsaturated rock, the bulk modulus of
dry rock, porosity and the bulk modulus of pore fluid. It has
ignored the effect of fluid’s relative motion and rockskeleton
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on wave propagation in fluid-saturated rock (Gassmann 1951;
Han and Batzle 2004).

Based on the Gassmann equation, when pores are saturated
with two-phase fluids (gas and water), the rock bulk modulus
can be depicted as follows.

B (1=K oy /K ma)”
K(Sg) - Kdry + @
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where K,,,(Gpa) is the bulk modulus of rock matrix,
K 4,(Gpa) is the bulk modulus of dry rock, K(Gpa) is the bulk
modulus of water-saturated rock, and K(Gpa) is the bulk
modulus of water in pores. ¢(v/v) is the porosity. So(v/v) is
the gas saturation, and Kg(Gpa) and K,,(Gpa) are the bulk
modulus of natural gas and water, respectively. p(Gpa) and
ttar,(Gpa) are the shear modulus of water-saturated rock and
dry rock, respectively.
According to Eq. (1), the gas saturation can be obtained.

S — AK(Sg)il_AK(Sg :0)71
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AK(Sg) = K(Sg)_dey

The equivalent P wave velocity and the equivalent S-wave
velocity are expressed as follows (Gist 1994).

K+4
3M

P 3)

where p (kg/m3) is the density of the water-saturated rock. It
can be seen that the compressional wave correlates with the
gas saturation, while the transverse wave does not correlate
with the gas saturation.

According to Eq. (3), the ratio of the P wave velocity and
the S-wave velocity is obtained.

Vp K 4
= —— = —_ — 4
vpvs . ”,u ) (4)

where K is the function of the gas saturation; we can write
vpvs as a function of Sg; then Eq. (4) can be written as

4
K(sg) = { bmn(5,))" 5 )
Based on Eq. (5), AK(S,) in Eq. (2) can be rewritten as
AK(S,) = ] [ops ()]~ [wpws (5, = 1))} (6)
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Due to the shear wave having no relation with the gas
saturation S, so Eq. (6) can be rewritten as

=L VP2 (Sg)_‘;pj (Sg - 1) (7)

AK(Se)

From Eq. (7), we can obtain
-2
AK (Sg)=v,*(S,) = [DTC(S,)] (8)
By substituting Eq. (8) into Eq. (2), we can obtain

DTC(S,)*-DTC(S, = 0)°

) 2 ) 9)
DTC(Sg = 1)"=DTC(Sy = 0)

g

pre(s,)’-prC(5,~0)’
DIC(S,=1)"-DTC(S,=1)
is the relative value of the P wave slowness’ square.
DTC(Sy=0)(us/ft) is the P wave slowness in 100% water-
saturated rocks. DTC(S, = 1)(us/ft) is the P wave slowness
in dry rocks.
Equation (9) reveals a positive relationship between the gas
saturation and the relative value of P wave slowness’ square.

Define ADTC? = -, where ADTC?

Verification and modeling of S, based on pore
structure classification

In this study, 23 representative rock samples selected from
Shahejie Formation, Paleogene system, Nanpu sag, China,
are prepared to do acoustic experiments. The rock samples
are fine sandstone with few clays and belong to braided river
delta front sedimentary facies. The experimental apparatus
employed in this study included Panametrics high-pressure
pulse generator/receiver, 1 MHz longitudinal and transverse
acoustic transducer and Hewlett Packard (HP) digital storage
oscilloscope. For each core, the P wave velocity and the S-
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Fig. 1 P wave slowness distribution under different saturated states
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Fig. 2 S-wave slowness distribution under different saturated states

wave velocity are measured under dry state, 100% water sat-
urated state and different gas saturation state, respectively.

Figure 1 shows histograms of P wave slowness distribution
under 100% water-saturated state (blue), 80% water saturation
state (red), and dry state (black). Figure 2 shows histograms of
S-wave slowness’ distribution under 100% water-saturated
state (blue), 80% water saturation state (red), and dry state
(black).

Comparing Fig. 1 and Fig. 2 shows that the P wave slow-
ness distribution range changes much more than the S-wave
slowness distribution range under different water-saturated
states. P wave slowness gets smaller when water saturation
gets higher; however, S-wave slowness has no noticeable
change.

According to the experimental data, a cross plot between
the P wave slowness’ square and the gas saturation is
established, as shown in Fig. 3. The gas saturation has a pos-
itive relationship with ADTC?. The gas saturation calculation
model is established.
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Fig. 3 Gas saturation models with non-pore structure classification
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Fig.4 The result of calculated gas saturation models with non-pore struc-
ture classification

S, = 0.87838(ADTC?) 7

R = 0.80467 (10)

Figure 4 shows the comparison between the experimental
gas saturation and the gas saturation calculated by Eq. (10).
The fitting relationship between the calculated gas saturation
and the experimental values is y =0.92649x + 0.04909; the
goodness of fit R =0.819. The average relative error of calcu-
lated gas saturation is 69.7%. The low accuracy of the model
(as shown in Eq.(10)) limits its practical application.

According to the NMR experimental data of 20 rock sam-
ples selected from those 24 acoustic experimental rock sam-
ples, the pore structure is divided into four types. For these 20
rock samples, the average porosity is 9.5%, the average per-
meability is 0.123md, and the average irreducible water satu-
ration is 62%. Table 1 shows each type’s characteristic param-
eters, and Fig. 5 shows each type’s representative T2 spectrum
shapes. It can be seen that from type I to type IV, the average
porosity, the average permeability, the large pore volume of
the T2 spectrum, and the T2 spectrum’s geometric mean de-
crease and the average irreducible water saturation increases,
indicating the pore structure becomes more complex.

According to each pore structure type’s experimental data
of P wave velocity and S-wave velocity under different gas
saturation states, the relationship models between the P wave
slowness’ square and the gas saturation are established.
Figure 6 shows the cross plot between the measured P wave
slowness’ square and the experimental gas saturation.

Rock samples of type I and type II are mainly featured by
large- and middle-size pore throat; the gas saturation has an
excellent linear relationship with ADTC?. The gas saturation
model for type I and II reservoir is established as follows.

Se = 0.9928 ADTC? 4 0.0018 R = 0.9899 (11)

Rock samples of type III are mainly featured by middle-
size pore throat. The gas saturation has a good quadratic rela-
tionship with ADTC?. The gas saturation model for type III
reservoir is established as follows.

S, = 0.5727(ADTC?)” + 0.3836ADTC? 4 0.0184 R =0.9876 (12)

Rock samples of type IV are mainly featured by small-size
pore throat. The gas saturation has a good exponential rela-
tionship with ADTC?. The gas saturation model for type IV
reservoir is established as follows.

S, = 0.0206exp(3.517ADTC*) R = 0.929 (13)

Figure 7 shows the comparison between the experimental
gas saturation and the gas saturation calculated using pore-
structure classified gas saturation models. The fitting relation-
ship between the calculated gas saturation and the experimen-
tal gas saturation is y = 1.0015x; the goodness of fit R = 0.989.
The average relative error of calculated gas saturation is 34%.
Also, the average error of calculated gas saturation is 21%
when the gas saturation is more than 20%.

Application

The new method is applied in the reservoir of 43854420 m in
Well x85. The average porosity is 0.0875(v/v) and the average

Table 1  Characteristic parameters of different types of pore structure

Types Spectral characteristics D (%) K (mD) Toam (ms) Trgwm (ms) Swi (%)

I Unimodal or bimodal distribution T2 spectrum, 8.35~13.31 0.03~1.17 11.67~39.25 43.72~131.93 29.13~59.98
large pore coarse throat structure 11.31 0.4119 20.24 66.84 46.96

I bimodal distribution T2 spectrum, intermediate 5.08~9.27 0.05~0.13 3.43~791 37.07~39.56 60.14~70.61
pore fine-coarse throat structure 7.42 0.0607 6.93 38.50 62.59

1T unimodal distribution T2 spectrum, intermediate 10.90~12.86 0.02~0.08 6.13~7.59 16.90~19.65 59.97~67.73
pore medium throat structure 12.28 0.0558 6.24 18.05 63.63

v Unimodal distribution T2 spectrum, fine pore 5.00~8.48 0.003~0.007 2.36~2.87 4.33~10.24 67.43~73.64
fine throat structure 6.95 0.0046 2.62 6.36 70.24
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Fig. 5 Classification of rock samples by NMR

permeability is 0.6md, belonging to the low-porosity and a
low-permeability reservoir.

In this section, according to the linear relationship between
P wave slowness and S-wave slowness in both 100% water-
saturated rocks and dry rocks, parameters DTC(S, = 0) and
DTC(S,=1) can be derived from Eq. (14) and Eq. (15).
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Fig. 6 Gas saturation models for different types
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Figure 8 shows the cross plot between the P wave and the
S-wave in 100% water-saturated rocks. Figure 9 shows the
cross plot between the P wave and the S-wave in dry rocks.
It can be seen clearly that under both states, relationships
between the P wave slowness and the S-wave slowness are
linear.
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Fig. 8 Crossplot between DTC and DTS in 100% saturated water rocks

The relationship between the P wave slowness and the S-
wave slowness under 100% water-saturated is depicted as
follows.

DTC(S, =0) = 0.4DTS +17.9 R =091 (14)

The relationship between the P wave slowness and the S-
wave slowness in dry rocks is depicted as follows.

DTC(Sy = 1) = 0.63DTS +3.4 R =0.87 (15)

where DTC(us/ft) is the P wave slowness and DTS(us/ft) is
the S-wave slowness. DTC(S, = 0)(us/ft) is the P wave slow-
ness in 100% water-saturated rocks. DTC(S, = 1)(us/ft) is the
P wave slowness in dry rocks. Sy(v/v) is the gas saturation.
Figure 10 shows the evaluation result using the pore
structure classified gas saturation models. Track 1-12 in-
cludes conventional well logs, estimates of reservoir
physical parameters, NMR logging T2 spectrum, com-
pressional wave and shear wave data, water saturation
calculated by Archie model, gas saturation calculated by

120
dry sample
110 4
g 100
«
=z
]
=
A 90
80
DTC=0.63DTS+3.4
R=0.87
70 T T T T
100 120 140 160 180 200

DTS (us/ft)
Fig. 9 Crossplot between DTC and DTS in dry rocks
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the new model and core measurements of bound water
saturation. The calculation results of reservoir parameters
are shown in Table 2. The gas saturation can be calculated
by the Archie model (Sg=1-5,,).

The result indicates that the trend of gas saturation is
inversely related to shale content. The reservoir with high
shale content has low gas saturation, and the reservoir
with low shale content has high gas saturation.
Furthermore, track 11-12 shows the comparison among
the water saturation calculated by the Archie model, the
gas saturation calculated by the new model, and the core
measurements of the bound water saturation. The gas-
producing test result of layer 5 and layer 6 (1 x 104 m’
per day gas without water) shows the reservoir has no
movable water (mainly the irreducible water, the gas sat-
uration is calculated by Sy=1-3S,,. And S;, (v/v) is the
irreducible water.) The gas saturation calculated using the
new model is in good agreement with the gas saturation
calculated by the core measurements. The average relative
error of calculated gas saturation by the new model and
the Archie model is 13.8% and 35.5%, respectively. The
result of calculated gas saturation in Fig. 10 shows that
the new model improves the accuracy of gas saturation
calculation, and provides a reliable evaluation of gas sat-
uration based on acoustic logging data.

Discussion and future work

The new method needs acoustic logging data in its appli-
cation. The radial detection depth of acoustic logging is
shallow, so the accuracy of the new method is often af-
fected by drilling mud filtrate intrusion and borehole con-
ditions. The new model can calculate the gas saturation
accurately in low-porosity and low-permeability reservoir,
tight sandstone reservoir, or underbalanced drilling well
that have little mud filtrate intrusion’s influence. The new
method can only be used as the indicator parameter of gas
saturation in medium-high-porosity and medium-high-
permeability reservoir.

Further research directions and subjects concerning the res-
ervoir gas saturation and reservoir assessment may be antici-
pated in:

a. a. For sandstone reservoirs with complex pore structures
(Xie et al. 2020), there are various types of pore structures.
Further study on pore structure classification method and
gas saturation calculation model by pore structure classi-
fication is the key to improve the calculation accuracy of
this paper’s method.

b. The pore structures of the natural gas reservoir in carbon-
ate rock, volcanic rock, granite, and other lithologies are
quite different from sandstone (Li and Zhang 2018;
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Table 2 Calculation results of

reservoir parameters Layer RT (ohm POR PERM Sw_Archie Sg Core sirr Pore structure
m) (%) (md) (VIv) VIv) (VIv) types

1 38 10.1 0.08 0.65 0.25 - 1T

2 16 43 0.01 1 0.03 - v

3 31 11.2 0.34 0.69 0.56 - I

4 30 13.2 0.8 0.6 0.365 0.6 I

5 41 10.7 0.45 0.65 0.47 0.51 I

6 31 10.2 0.12 0.64 0.38 0.62 I

7 36 7.7 0.01 0.71 0.29 - 1\

8 31 6.5 0.01 1 0.07 - v

Zhonghong Chen etal. 2016). It is a new application work
to establish the gas saturation model by this paper’s
method.

c. The estimation of total organic carbon content in the
tight oil reservoir and shale oil reservoir is the key
parameter of reservoir evaluation (Peiqiang Zhao

et al. 2016a, b; Linqi Zhu et al. 2018; Mahmood
et al. 2018). The calculation of organic carbon content
according to the response characteristics of acoustic
logging is a new research method. The method pre-
sented in this paper can be used for reference in the
calculation of organic carbon content.
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Fig. 10 Application in well X85 (4385-4420 m). Tracks from left to right
include track 1-6: natural gamma-ray logging (GR: API)/spontaneous
potential logging (SP:MV), apparent resistivity logs(RLLD/RLLS:
OHMM), acoustic-wave slowness logs(AC: us/m)/bulk density (DEN:
g/cm3), neutron porosity (CNL:%), estimates of porosity (POR:%)/shale
content (SH:%), estimates of permeability (PERM: md). Track 7-8:
NMR logging T2 spectrum (CMR.T2:ms), T2 spectrum samples (T2

Samples.ms). Track 9-10: compressional wave (DTCO: us/ft) and shear
wave (DTSM: us/ft), P wave slowness’ square (DELTADTC: none).
Track 11: water saturation (Archie.SW: v/v) estimated using Archie mod-
el, measurements of bound water saturation (CORE-SIRR: v/v). Track
12: gas saturation (SG: v/v) estimated using pore structure classified gas
saturation model and core measurements of bound water saturation
(CORE-SIRR: v/v)
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Conclusion

In the low-porosity and low-permeability reservoir, pore struc-
ture greatly influences rock acoustic characteristics. The meth-
od in this paper can improve gas saturation calculation accu-
racy in low-porosity and low-permeability reservoir.

(1) Based on acoustic theory, the gas saturation is positively
correlated with the relative value of the P wave slowness’
square.

(2) The longitudinal wave correlates with the pores’ gas sat-
uration, while the transverse wave does not correlate
with gas saturation.

(3) In the low-porosity and low-permeability reservoir, pore
structure greatly influences rock acoustic characteristics.
According to NMR experimental data of 20 rock sam-
ples, the pore structure is divided into four types. For
each pore structure type, gas saturation models are
established. The comparison between experimental gas
saturation and calculated gas saturation verifies the accu-
racy of the pore structure classified gas saturation model.

(4) The pore structure classified gas saturation model is ap-
plied in logging data. The result is in good agreement
with the core measurement result. The new method over-
comes the limitation of using the resistivity saturation
model to calculate gas saturation in the gas-bearing sand-
stone reservoir.

(5) While pore structure is a comprehensive response of po-
rosity, pore geometry, connectivity, rock minerals, etc.,
more attention should be paid to the pore structure clas-
sification methods using both NMR and mercury injec-
tion experimental data and further studies are needed to
link the rock minerals to the acoustic properties.
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