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Abstract

Acoustic, resistivity and nuclear magnetic resonance (NMR) logging are important means of reservoir evaluation. In this
paper, the information of pore structure, such as the aspect ratio and the shape, is obtained by rock physical experiments
like constant velocity mercury injection and casting thin section. Taking pore structure information as a link, the theoretical
relations among acoustic-NMR, acoustic-resistivity and resistivity-NMR of rocks are studied, respectively, based on the
differential equivalent model and fractal theory, and the theoretical derivation results are verified by AE acoustic emission
experiment, rock resistivity experiment and NMR experiment. It is found that there is a power function relationship between
the P/S wave velocity and the geometric mean value of NMR T,. Moreover, there are also power function relationships
between the slowness of P/S wave and resistivity, and between the value of NMR 7, and the increase rate of resistance.
Based on the above relationship, the gas reservoir can be identified by acoustic-resistivity-NMR multi-parameters in well G
of the study area. Compared with the conventional P/S velocity ratio and P-wave slowness intersection method, the separa-
tion effect of gas and water is more obvious.

Keywords Petrophysical experiment - Pore structure - Acoustic-resistivity-NMR parameters relationships - Gas
identification

Introduction

The exploration and development of complex oil and gas
reservoirs need to use a variety of logging parameters to
obtain more accurate stratigraphic information (Han et al.
2016; Yin et al. 2016; Zhu et al. 2015). It is one of the
important means to evaluate the reservoir by the combina-
tion of acoustic, resistivity and NMR logging methods (Li
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et al. 2018; Hamada et al. 2001). However, the pore structure
of rock affects the response characteristics of acoustic, resis-
tivity and NMR logging. Mercury injection, CT scanning,
nuclear magnetic resonance and other experiments show that
pore structure is a series of pores and throats with different
sizes and shapes (Guo et al. 2019; Xu et al. 2018; Oluwadebi
et al. 2019). Prasad (2001) showed that the shape of the pore
changed the sound velocity and elastic modulus by influenc-
ing the propagation path of the wave. Kumar and Han (2005)
thought that the increase in spherical pore content made the
sound velocity of the model quite different from that of Wyl-
lie time average (Wyllie et al. 1956). Combined with thin
section and resistivity experiments, Verwer et al. (2011)
found that under the same porosity condition, the larger
the number of pores, the larger the cementation index and
small pores and complex pore structure make the cementa-
tion index decrease in carbonate rocks. Based on the rock
particle accumulation model, Wang et al. (2004) used Monte
Carlo and random walking algorithm to obtain the NMR
response under certain magnetic field conditions. Liu et al.
(2012) used the spherical tube model to numerically simu-
late the conductivity of different pore structures, proving that
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pore structure is one of the factors leading to the resistivity
divergence though the experimental data. In this paper, the
sandstone samples located in Gaobei slope of Huanghua Sag
are selected, which basic information is shown in Table 1, to
carry out the joint acoustic, resistivity and NMR experiment.
The pore structure of samples is classified by fractal theory
and principal component analysis method (Chen et al. 2013;
Cao et al. 2016; Guo et al. 2018; Zhang et al. 2017), and
then the theoretical relationship between acoustic, resistivity
and NMR parameters is studied with the help of numeri-
cal simulation and the results of rock physical experiment,
which assists the evaluation of tight sandstone gas reservoir
by multi-logging parameters.

Experimental measurement and data
analysis

Acoustic-Resistivity joint experiment, NMR
and Mercury injection experiment measurement

All samples were placed in a 110°C drying machine for
24 h after washed with oil and salt, and then samples are
fully saturated under 30 MPa pressure in MPC-II saturation
instrument with NaCl solution salinity of 4,000 mg/L for
48 h which is determined by average actual formation water
resistivity test. An HSN-B intelligent acoustic velocity-resis-
tivity measuring device is used to measure the P-wave and
S-wave velocities and resistivity of the saturated samples
under normal conditions, which is due to the pressure of
the layer where the sample located is about 25 MPa, there is
no significant change in the acoustic velocity of the sample
measured in the laboratory under this pressure. Saturated
samples NMR signal is measured with a spin-echo pulse
sequence by using a 2 MHz NMR Core Analyzer (Niumai
IPC-801) from Niumai Electronic Technology Company.
The measurements are carried out with inter-echo time
spacing (TE) of 0.37 ms, waiting time (TW) of 6,000 ms,
cumulative frequency of 128 Hz and echo number of 4,096.
The test temperature is 25 ‘C. Moreover, the SIRT method is
used for NMR T2 spectrum inversion with 5,000 iterations.

Table 1 Samples basic parameters list

Core number Well Depth/m Porosity/% Permeability/
mD

1-13 X1 3471.5-4154.7 6.5-14.9/11.2 0.289—
2.881/1.411

14-22 X2  3217.6-3356.5 15.2-23.1/18.4 0.94-
9.785/3.558

23-34 X3 4214.1-5068.4 2.9-5.9/4.8 0.039-
1.189/0.412
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After the above measurements are completed, a high-
speed refrigerated centrifuge is used, and during centrifu-
gation, the acoustic velocity and resistivity of the samples
under different saturation are measured with the device until
the water saturation of the sample does not change, indi-
cating that the bound water state is reached, at this point,
nuclear magnetic resonance T2 spectrum was measured
again to obtain NMR signals in the state of bound water,
after which the experiment is stopped.

Mercury injection experiment is to make mercury enter
the pore through pressure, and the energy required for pore
volume increment is equal to the work done by external
force. The volume and specific surface area of the cylin-
drical hole are calculated according to the relationship
between pressure and capacitance, and the pore size distri-
bution is calculated according to Washburn equation. The
poremater-33 automatic measuring device was used in this
experiment. During the experiment, the sample was first
weighed and sealed in the sample tube. The low-pressure
test was carried out in the low-pressure station, and then
the sample tube was taken out in the high-pressure station
for high-pressure measurement. After the measurement, the
experimental data of samples were obtained and the samples
were taken out.

Data analysis

(1) Relationship between acoustic velocity and NMR
T2gm
Based on measurement of P/S wave velocity and
NMR standard T2 experiments under different poros-
ity conditions, the cross-plot of the P/S wave velocity
and the geometric mean value of T2 under different
porosity conditions are obtained, as shown in Fig. 1.
The experimental results show that there is a power
function relationship between P/S wave velocity and
T2gm.
(2) Relationship between resistivity and acoustic velocity
Through analyzing the acoustic velocity and resis-
tivity experiments under different water saturation
conditions, the relationship between slowness of P/S
wave and resistivity is obtained, as shown in Fig. 2.
The resistivity is inversely proportional to the acoustic
slowness, which is a power function relationship.
(3) Relationship between resistivity and NMR T2 value

In order to research the experimental relationship
between the nuclear magnetic resonance T, value and /,
which I is the coefficient of resistance increase in Archie’s
formula (Archie 1942). The resistivity measurement
experiments under the conditions of standard 7, and dif-
ferent water saturation were used. According to the fractal
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Fig.2 (1) The experimental relationship between resistivity and P-wave slowness (2) The experimental relationship between resistivity and

S-wave slowness

characteristics of mercury injection curve, the pore struc-
ture of samples in the study area is divided into four cat-
egories, and the classification results are shown in Fig. 3
and the corresponding NMR spectrum is shown in Fig. 4.

Taking one sample data from each pore structure for
research, the NMR T2 spectrum and I-Sw relationship of
the four samples are shown in Figs. 5 and 6, respectively.
From class I to class IV, the proportion of the large pore
component of T2 spectrum decreases, and the slope of
the straight line on the I-Sw double logarithm diagram
increases.

Fitting 7, value and / corresponding to the same water
saturation, the result is shown in Fig. 7. It can be seen from
the figure that the value of NMR 7, is inversely propor-
tional to / and there is a typical power function relationship
between them.

Discussion

Relation deduction of the relationship
between acoustic velocity and NMR T2gm

The relationship between acoustic slowness and porosity is
similar to linear relationship, and it is influenced by pore
structure. The geometric mean value of NMR T, is also
a key parameter to characterize pore structure, which is
closely related to porosity.

NMR T, of rock is affected by pore structure charac-
teristics such as pore morphology (Yan et al. 2017), while
the acoustic velocity of rock is affected by pore structure.
Previous studies (Deng et al. 2016) have shown that the
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Fig. 3 Classification of pore structure based on mercury intrusion curve morphology

relationship between acoustic velocity and the geometric
mean value of NMR 7, is as follows:

— =
v=A-T5E M

In the formula: v is acoustic velocity, A and C are regional
empirical constants which can be obtained by experiments.

In order to study the relationship between acoustic wave
velocity and T, geometric mean value of NMR, it is assumed
that the pores of the rock are all ellipsoids. For ellipsoid
pores, the radius of the long axis is 7, the aspect ratio of the
pores is a, and the radius of the two short axes is equal, both
of them are ar (Deng et al. 2016). Then:

1 S 47ral. rl.2 3aiﬂ_2
() @

0y i 4/3ma’r) r

In the formula: T, is the T, value of the ith pore. p is the
surface relaxation rate. S is the pore surface area. V is the
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pore volume. r; is the long axis radius of the ith pore, and 8
is the coefficient introduced in estimating the pore surface
area.

From formula(2), we can get:

T

52
3al.

=chy 3)

Take the geometric mean value of the above formula, and
then we can get

r

3aP—2 dTgm 4

In the formula: T, is the geometric mean value of T5;r
is the equivalent long axis radius; « is the equivalent pore
aspect ratio; d is the coefficient, which is related to porosity
and other factors.

There are some experiments showing that (Yang et al.
2014):
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From the above formula, we can further get:
7 015500 0.01 0.02 0.03 0.04
@ =A1 2gm @) T, (s)

2em

In the formula, A; and c; are regional experience coef-
ficients, which can be obtained by experiments.

The experimental relationship between the geomet-
ric mean value of NMR T, and the aspect ratio of pores
is shown in Fig. 8. There is a direct power function

Fig. 8 Relationship between pore aspect ratio and 75,

relationship between a and T,,,, which verifies the above
reasoning conclusion. Applying the above relationship

@ Springer
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to the differential equivalent medium model (Yang et al.
2014), we can get the relationship between the P/S wave
velocity and the geometric mean of the transverse relaxa-
tion time of NMR. The parameter is set to A;=0.115,
¢;=0.123, which is determined from Fig. 8. Because the
samples in the study area are all sandstone, in the differ-
ential equivalent model, Km are the volume modulus and
shear model of rock, respectively, and Kf is the volume
modulus of fluid, the parameters are set as Km=37GPa,
Gm=44GPa, Kf=2.19GPa, Sw=1, which are the theo-
retical value of sandstone. The relationship between P/S
wave velocity and the geometric mean of 7, is shown in
Fig. 9. It can be seen from the figure that under the same
porosity, the velocity of P/S wave is inversely proportional
to that of 7}, which is a power function relationship.
Under the same T),,, conditions, the smaller the porosity
is, the larger the P/S wave velocity is. The above simula-
tion results explain the distribution of experimental data
in Fig. 1.

Exploration the empirical relationship
between acoustic wave velocity and resistivity

The relationship between acoustic slowness and resistivity
has been concerned for a long time (Wei. 1991), and there
is a power function empirical relationship between P-wave
velocity and resistivity, which is affected by burial depth.
The study of the empirical relationship between acoustic
wave velocity and resistivity can provide a reference for
the comprehensive use of acoustic and resistivity data for
fluid identification and shear wave prediction.

In the classical physical volume model of rock, the for-
mula of rock porosity obtained from the response of acous-
tic slowness without considering argillaceous is:

(1) 7000
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In the formula: S, is water saturation; At is the measured
acoustic slowness; At,,, is the acoustic slowness of rock skel-
eton; At,, is the slowness of formation water acoustic wave;
At, is the acoustic slowness of natural gas.

According to the relation between porosity and resistivity
in Archie formula (Archie 1942), we can get:

R abRW /S”
. A=, m 7w ©)
(1-8,)At,+S, At —At,,

which a and b are coefficients of Archie’s formula, m is
cementation index, n is saturation index, and R,, is forma-
tion water resistivity.

It can be seen from the above formula that the relation-
ship between formation resistivity and P-wave slowness
should be power function. This relationship is affected by
the water saturation of the stratum.

Shear wave and porosity are related to each other in sand-
stone, and it is believed that there is an empirical relation-
ship between S-wave slowness and porosity (Medlln 1993):

¢ =cAt,+d (10)

In the formula, ¢ and d are coefficients.

According to Archie formula (Archie 1942), the relation
between S-wave slowness and resistivity can be obtained
from formula (13):

abR

R=—Y /g
! (cAtS+d)’"/ w an

Based on the above theoretical derivation and inter-
nationally accepted sandstone skeleton value, we take
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Fig. 9 The theoretical relationship between V,, V and T, (1) V, and T,,,, (2) V, and T,,,,
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At,, =189 ps/ft, At,,, =56 ps/ft, Ar, =896 ps/ft,a=b=1,
m=138, n=2, R,=1.326 Qm, ¢c=0.12, d=-7.2.
According to the simulation of formula (9) and formula
(11), different water saturation conditions are obtained.
The relationship between resistivity and slowness of
P-wave and S-wave is shown in Figs. 10 and11. It can
be seen from the figures that there is a power function
relationship between resistivity and slowness of P-wave
and S-wave. With the same acoustic slowness, the smaller
the water saturation is, the greater the resistivity and the
smaller the slowness between water saturation and acous-
tic wave. Such rocks tend to have the largest apparent
resistivity. This is consistent with the conventional under-
standing, and this result also verifies the reliability of the
fitting relation in Fig. 2.
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Derivation of the theoretical relationship
between resistivity and NMR T2 value

The conductivity of rock is closely related to its pore struc-
ture, and the NMR T, spectrum is a direct reflection of the
pore structure of rocks (Guo et al. 2019). Therefore, there is
an inevitable theoretical relationship between the resistivity
of rocks and the distribution of NMR T, spectrum. It is con-
venient for quantitative analysis of saturation index to study
the relationship between the two, especially the relationship
between T, spectrum and resistivity index (Ge et al. 2012).

Mercury injection curve has fractal characteristics, which
can be expressed as follows:

1g(S,) =B =D)lgPy+(D—=3)lgP, 12)
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In the formula: D is the fractal dimension; P, is the pres-
sure; Pyis the capillary pressure when the rock is 100% water
cut; S, is the water saturation.

From Archie formula (Archie 1942) and the formula (12),
we can get:

P, =PI’ (13)

In the formula: 6 is a parameter whose value is related to
the water film thickness.

According to previous studies, the relationship between
Mercury injection capillary pressure and 7', value is a power
function (He et al. 2005), which can be obtained by combin-
ing with the above formula:

(14)
In the formula: a and n,-T, are the fitting coefficients.
It can be concluded from formula (14) that there is a

power function relationship between the value of NMR T,
and the increase rate of rock resistance.
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The T, cumulative spectrum and /-S,, data of NMR
were processed by three times of spline interpolation, and
the NMR T, and [ values with corresponding relationship
under the same water saturation were obtained. The rela-
tionship between the NMR T, and water saturation of the
above 4 samples is shown in Fig. 12. It can be seen from
the figure that 7, and / have a good correlation with water
saturation after interpolation. / decreases with the increase
in water saturation, but 7, increases with the increase in
water saturation. In addition, there is a power function
relationship among T, I and water saturation, which shows
that there is a certain relationship between 7, and /. It can
be seen from the figure that 7, and I have a good correla-
tion with water saturation after interpolation. I decreases
with the increase in water saturation, and T, increases with
the increase in water saturation. Moreover, it appears that
there is an obvious power function relationship among 7>,
I and water saturation, which indicates that there is a cer-
tain relationship between 7, and /.
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Multi-parameter joint-identification of gas bearing
reservoir

At present, the gas bearing identification of reservoir is
mainly based on the intersection of conventional logging
information, and there are still deficiencies in the applica-
tion of new logging technology and multi-information joint-
application (Bian et al. 2014; Guo et al. 2018). According
to the previous study, the relationship among acoustic,
resistivity and NMR properties is established through the
pore structure. The combination of acoustic, resistivity and
nuclear magnetic information has a good effect on gas bear-
ing identification. Figure 13 is the chart of gas bearing prop-
erty identified by the intersection of P/S velocity ratio and
acoustic slowness of well G in the study area and the chart
of gas bearing property identified by the joint intersection of
acoustic resistivity nuclear magnetic. Figure 14is the logging
curve of reservoir section of well G. It can be seen from the
comparison that the separation effect of gas and water in the
gas bearing identification plate based on the acoustic resis-
tivity nuclear magnetic resonance is more obvious than that
based on the velocity ratio of P/S wave and the slowness of
P/S wave. The gas test results of three reservoirs show that
the gas production per day before fracturing is 130000 m3.
In this paper, the gas bearing property is not considered in
the transformation of acoustic wave. However, in fact, if the
gas bearing resistivity is too large, the transformation term
(ngmO.IOS/Rtx—O.272) which is obtained from Figs. 1b and 2a
will be reduced, while the water layer data will not change
much. This enlarges the difference between gas and water
data points, so the established plate has better recognition
effect on gas bearing property of tight reservoir. In the con-
version term, because of the relationship between the shear
wave velocity obtained in the first section and 72gm (geo-
metric mean of 72), T2gm is used instead of the shear wave
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velocity in the molecular part. In the denominator part, the
relation between the P-wave and the resistivity obtained in
the second section of the paper is used to replace the S-wave
with the resistivity. Among them, Rtx = Rt/2.823e108, Rt is
the measured resistivity of the formation.

Conclusion

(1) The pore aspect ratio is a power function of 75,,,.Under
the same porosity, the velocity of P/S wave is inversely
proportional to 75, which is a power function rela-
tionship. Under the same T5,,,, the smaller the porosity
is, the larger the P/S wave velocity is. Under the condi-
tion of the same water saturation, the relation between
resistivity and slowness of P/S wave is power func-
tion, which can provide reference for the prediction of
S-wave.

(2) There is an obvious power function relationship
among T,, I and water saturation. The T, value of
NMR is inversely proportional to I, and the relation-
ship between them is a typical power function. In the
fitting relationship between the NMR T, value and the
resistivity increasing coefficient /, the coefficient n, T,
has a linear relationship with the saturation index n
and a power function relationship with the water film
thickness. This relationship is of great significance to
the construction of new interpretation models of satura-
tion and permeability.

(3) The result of gas bearing identification by combining
acoustic, resistivity and nuclear magnetic information
is better than that by conventional gas bearing identifi-
cation method, which has certain guiding significance
for gas water identification in complex formation.
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Fig. 13 (1) Gas identification cross-plot of G4 well with V,/V, and V), (2) Gas identification of G4 well with joint acoustic, resistivity and NMR
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