
Vol.:(0123456789)1 3

Journal of Petroleum Exploration and Production Technology (2020) 10:183–195 
https://doi.org/10.1007/s13202-019-0731-9

REVIEW PAPER - EXPLORATION GEOPHYSICS

Pore structure characterization based on joint numerical 
and experimental study: a case study of Nanpu Sag

Hatitao Li1,3 · Shaogui Deng1,3 · Xiyong Yuan1,3 · Xufei Hu1,3 · Yunfeng Niu2

Received: 18 November 2018 / Accepted: 16 July 2019 / Published online: 22 July 2019 
© The Author(s) 2019

Abstract
Petrophysical properties such as acoustic velocity, resistivity and nuclear magnetic resonance are greatly depending on the 
pore structures. This is because the pore structures could control the elastic modulus, conductive path and seepage distribu-
tion of the rock. The theoretical simulation and acoustic–electrical–nuclear magnetic resonance joint experiments were used 
to study the pore structure control action of acoustic, electrical and nuclear magnetic characteristics by taking the sandstone 
samples of Nanpu Sag as an example which the pore structure of the samples was classified based on the mercury intrusion 
fractal curve. It is found that the control action of pore structure type on the variation law of longitudinal and transverse 
wave velocity is mainly affected by the aspect ratio of pores; the effect of pore structure type on resistivity change is mainly 
affected by pore–throat ratio and tortuosity; the influence of pore structure on nuclear magnetic changes is mainly affected 
by pore size factors.

Keywords Pore structure · Control action · Petrophysical characteristics · Theoretical simulation · Acoustic–electrical–
nuclear magnetic resonance joint experiments

Introduction

Mercury intrusion, CT scan, nuclear magnetic resonance 
and other experiments have proved that the pore structure is 
expressed as a series of pores and throats of different sizes 
and shapes (Wu et al. 2017; Liu et al. 2009; Zhao et al. 2003; 
Liu et al. 2016; Ge et al. 2011). Rock pore structure affects 
the response characteristics of acoustic–electrical–nuclear 
magnetic logging (Guo et al. 2017, 2018). Prasad’s (2001) 
research shows that the shape of the pore changes the speed 
of sound and the modulus of elasticity by affecting the prop-
agation path of the wave. Kumar and Han (2005) believe 
that the increase of spherical pore content causes a large 
difference between the model sound velocity and the Wiley 

time average sound velocity. Verwer et al. (2011) combined 
with flakes and electrical experiments found that under the 
same porosity conditions, the greater the number of pores, 
the greater the cementation index, and it is believed that 
in carbonate rocks, small pores and complex pore structure 
reduce the cementation index. Xiao (2012) obtains the NMR 
response under certain magnetic conditions Based on the 
rock particle accumulation model, Monte Carlo and random 
walk algorithm, Liu et al. (2013) used the tube model to 
numerically simulate the conductive properties of different 
pore structures and proved that the pore structure is one of 
the factors leading to the divergence of the rock electricity 
experimental data. In this paper, the sandstone samples in 
Nanbao Sag are taken as an example. The basic parameters 
are given in Table 1. Then, the pore structure is classified 
based on the morphology of mercury intrusion curve. The 
classification results are shown in Fig. 1, and then, the con-
trol action of pore structure on the acoustic, electrical and 
nuclear magnetic characteristics of rock is studied based on 
theoretical simulation and acoustic–electromagnetic–nuclear 
magnetic combined experiments.  
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Acoustic velocity characteristics 
of sandstones with different pore structures

The shape of the pores has a great influence on the velocity 
acoustic, and the increase of the proportion of spherical 
pores tends to increase the acoustic velocity. The study of 
acoustic velocity characteristics of sandstones with differ-
ent pore structures has a great significance for the evalua-
tion of porosity and gas-bearing identification using sonic 
logging data.

Theoretical simulation of acoustic velocity based 
on DEM equation

In order to study the effect of pore shape on the acoustic 
velocity of rock, the acoustic velocity of different pore 
aspect ratios is simulated based on differential equivalent 
medium (DEM) theory. The differential equivalent medium 
model is widely used in the study of elastic properties of 
porous media. Li and Zhang (2014) derived the analytical 
formula for the volume and shear modulus of multiple pore 
rocks under dry conditions.
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Table 1  Sample basic parameters

Samples 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

Fig. 1  Classification of pore structure based on mercury intrusion curve morphology
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where a and b are parameters related to the shape of the 
pore, and Km and Gm are the volume and elastic modulus of 
the rock skeleton.

�i is the aspect ratio of the aperture of the i ellipsoidal pore.
Volume and shear modulus under complete water condi-

tions can be obtained from the Gassmann equation (Biot 
1956):

(2)

Gdry = Gm

(1 −�)
∑N

i=1
viS0i

�
S1i + S2i − S3i +

(S1i−S3i)(S2i−S3i)

S3i+Km∕Gm

�−a

�
1 +

bKm

aGm

−
bKm

aGm

(1 −�)a
�∑N

i=1
viS0i

b
−1

S0i =
2 − 3gi − 3�i

4�i − 6�2
i
− 4gi

, S1i =
�i − gi

2 − 3gi − 3�i
,

S2i =
4

3
, S3i =

2(�i − gi)

3(2�i − 3�2
i
− 2gi)

.

𝜃i =

⎧⎪⎨⎪⎩

𝛼i

(1−𝛼2
i
)3∕2

�
arccos(𝛼i) − 𝛼i

�
1 − 𝛼2

i

�
, (𝛼i < 1)

𝛼i

(𝛼i2−1)
3∕2

�
𝛼i

�
𝛼2

i
− 1 − ar cosh(𝛼i)

�
, (𝛼i > 1)

,

gi =
𝛼2

i

1 − 𝛼2

i

(3𝜃i − 2),

(3)Ksat = Kdry +

(
1 −

Kdry

Km

)2

�

Kf

+
1−�

Km

−
Kdry

K2
m

(4)Gsat = Gdry

Through the relationship between the acoustic velocity 
and the volume and elastic modulus, the compressional 
velocity and shear velocity of the rock under complete water 
conditions can be calculated:

For low-porosity and -permeability sandstone dominated 
by quartz, set Km = 44 GPa, Gm = 44 GPa and Kf = 2.19 GPa. 
The simulation results of the relationship between the com-
pressional velocity and shear velocity and the porosity under 
different aperture aspect ratios are shown in Fig. 2. Under 
the same porosity condition, the compressional velocity and 
shear velocity increase with the increase of the aspect ratio 
of the pore; under the condition of smaller pore aspect ratio 
( � ≤ 0.3 ), the sensitivity of the compressional velocity and 
shear velocity to porosity decreases with increasing porosity; 
under larger pore aspect ratio conditions ( 𝛼 > 0.3 ), the sen-
sitivity law of the compressional velocity and shear velocity 
to porosity is reversed. Consider the actual situation of the 
formation ( 𝛷 < 0.4 ), with the increase of the aspect ratio 
of the pores, the sensitivity of the longitudinal and trans-
verse wave velocity to the porosity gradually decreases. The 
simulation results are in agreement with Kumar’s simulation 
results (Kumar and Han 2005).

Experimental study on acoustic velocity 
characteristics of sandstones with different pore 
structures

In order to analyze the acoustic velocity characteristics of 
different pore structure sandstones, the 34 sandstones of the 
compressional velocity and shear velocity measurement 
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Fig. 2  a Theoretical relationship between Vp and Φ; b theoretical relationship between Vs and Φ 
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experiments under different water saturation conditions were 
carried out, and the results of the slice image processing of 
the corresponding rocks were obtained to obtain the lon-
gitudinal and transverse waves under different pore aspect 
ratio conditions. The relationship between acoustic veloc-
ity and porosity is shown in Fig. 3. It can be seen from the 
figure that the compressional velocity and shear velocity 
are inversely proportional to the porosity. The relationship 
between the two is linear in the experimental data. Under 
the same porosity condition, the compressional velocity and 
shear velocity increase with the increase of the aspect ratio 
of the pore. The variation of the data is consistent with the 
simulation results of Fig. 2.

According to the classification results of rock pore 
structure, the relationship between the compressional 

velocity and shear velocity and porosity of sandstones with 
different pore structures is obtained, as shown in Fig. 4. 
As the porosity increases, the compressional velocity and 
shear velocity decrease, and the type of pore structure con-
trols the degree of decreasing trend. The pore structure is 
from type I to type IV, the proportion of macropores is 
gradually reduced, the trend of the compressional velocity 
and shear velocity decreases with the increase of porosity, 
and the sensitivity of the compressional velocity and shear 
velocity to the change of porosity is enhanced. This may 
be related to the variation of the aspect ratio of the pores 
of different pore structures. The average pore aspect ratios 
of the type I to type IV pore structure rocks are 0.251, 
0.248, 0.237 and 0.226, respectively, which is consistent 
with the simulations of Figs. 2 and 3.
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Fig. 3  a Experimental relationship between Vp and Φ; b experimental relationship between Vs and Φ 

a b

Fig. 4  a Crossplot of Vp and Φ in different pore structure sandstones; b crossplot of Vs and Φ in different pore structure sandstones
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Resistivity characteristics of sandstones 
with different pore structures

At present, resistivity is still the main means of calculating 
formation water saturation. Rock resistivity characteristics 
are closely related to pore structure. Rocks with the same 
porosity and different pore structures tend to exhibit different 
resistivity characteristics. Several key parameters of Archie’s 
formulas are also affected by the pore structure. Therefore, 
studying the resistivity characteristics of sandstones with 
different pore structures has great significance for fluid iden-
tification and calculation of formation water saturation.

Theoretical simulation of influence of pore structure 
on resistivity characteristics

(1) Influence of pore–throat ratio and tortuosity on forma-
tion factor

To investigate the effect of pore–throat ratio and tortu-
osity on formation factor, a simplified bulb model can be 
constructed to characterize the pores, as shown in Fig. 5. 
The pore body comprises two parts, a pore and a throat. 
The pore can be regarded as composed of a plurality of 
pore–throat units, and the resistivity of one pore–throat unit 
can be expressed as:

where Rw is the formation water resistivity; Am and Lm are 
the cross-sectional area and length of the pore conduction 
direction, respectively; � is the tortuosity of the throat; r is 
the radius of the sphere; L is the length of the throat in the 
conductive direction; and Par is the pore–throat ratio.

In the above pore network, it can be considered that the 
pore resistivity is the result that the pore–throat unit is T 
connected in parallel and then in series connection, and the 

(6)ru = Rw

[
3

�r
+

�LPar2

�r2

]

resistivity of the saturated water system is obtained accord-
ing to Ohm’s law:

where N is the number of rows of the model; and J is the 
number of pore–throat units in the model.

The porosity of the model can be expressed as:

Setting 2r = L, according to the Archie formula, the follow-
ing can be obtained:

where F is the formation factor.
The relationship between Par, τ, F and is Φ shown in 

Fig. 6. It can be seen from the figure that formation factors 
increase with the increase of the pore–throat ratio. Under rel-
atively low-porosity conditions, the influence of pore–throat 
ratio on the formation factors is greater, and the reason may 
be: under low-porosity conditions, the larger the pore–throat 
ratio, the more complex the pore structure, the more rugged 
the conductive path, and the greater the pore–throat ratio, 
the partial throat may be closed, thus resulting in a faster 
increase of pore resistivity. Formation factor is positively 
correlated with the degree of tortuosity, and the larger the 
pore–throat ratio, the greater the influence on formation 
factors. Figure 7 shows the simulation results of formation 
factor under different porosity and pore–throat ratios, dif-
ferent hole–throat ratios and tortuosity. As shown in the 
figure, under the condition of fixed tortuosity, the larger the 
pore–throat ratio and the smaller the porosity is, the larger 
the formation factor is; under the condition of fixed porosity, 
the greater the tortuosity and the larger the pore–throat ratio 
is, the larger the formation factor is.    

(2) I–Sw relationship in a two-pore-component model

In order to study the relationship between the resistivity 
increase rate I and the water saturation Sw of different pore 
structure rocks, the data were fitted by the double-pore-com-
ponent model and the Archie model, and the effect of pore 
structure on electrical conductivity is studied by comparing 
difference between the two fitting curves (Li et al. 2018; Shi 
et al. 2008). The two-pore-component model is shown in 
Fig. 8, the pores are divided into macropores and micropo-
res. The macropores are equivalent to movable pores, and 
the small pores are equivalent to dead pores. The model 
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Fig. 5  A simplified tube model
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considers that the resistivity of a rock can be equivalent to 
the result of a three-part resistance in parallel: (1) conductive 
fluid in large pores; (2) bound water in the remaining con-
nected pores; and (3) Skeletal conduction caused by muddy 

and conductive minerals. According to previous research 
results, in this model, the relationship between I and Sw can 
be expressed as (Li et al. 2012):

where �f and �b are the porosity of the two pore compo-
nents; mf and mb are the cementation index of the two pore 
components, respectively.

In the rock of different pore structure types, one sam-
ple was selected as the representative, and the resistivity 
data of the four rocks were fitted using the Archie and the 
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Fig. 6  a F and pore–throat ratio; b F and tortuosity

Fig. 7  a F under different porosity and pore–throat ratios; b F under different hole–throat ratios and tortuosity

Fig. 8  Physical model of the dual-pore component rock physical vol-
ume
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two-pore-component models, respectively, as shown in 
Fig. 9. For the type I pore structure samples with large pores, 
the fitting results of the two models overlap, indicating that 
the water saturations evaluated by the two models are more 
accurate in the macroporous-based formation. The propor-
tion of large pores of type II pore structure rocks decreases 
slightly. When Sw is close to the irreducible water saturation, 
the double-pore-component model curve is slightly lower 
than the Archie model fitting curve. In this case, the results 
of the two models are less different, and the proportion of 
large pores of type III pore structure rocks decreases fur-
ther. Near the irreducible water saturation, the double-pore-
component model is much lower than the Archie model. 
In this case, the double-pore-component model is preferred 
for water saturation evaluation; type IV pore structure rocks 
are mainly small pores, and the irreducible water satura-
tion is about 70%. In the vicinity of the irreducible water 
saturation, the double-pore-component model is much lower 

than the Archie model. In this case, Al is used. The calcula-
tion of water saturation in the odd model will have a large 
deviation from the actual situation, which leads to the wrong 
interpretation.

Experimental analysis of resistivity characteristics 
of rocks with different pore structures

In order to study the resistivity characteristics of sandstones 
with different pore structures, rock resistivity measurement 
experiments were carried out for 34 sandstones in the study 
area under different water saturation conditions. The salin-
ity of the solution used in the experiment was 4000 ppm. 
The relationship between formation factors and porosity 
of four different pore structure rocks is shown in Fig. 10. 
The rock pore structure is from type I to type IV, and the 
slope of F–Φ in the double logarithmic coordinate system is 
gradually reduced, that is, the cementation index is gradually 
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Fig. 9  Fitting results of resistivity data for two models
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decreased, and under the same porosity condition, the value 
of F is gradually decreased, and the pore throat is gradually 
reduced. It gradually decreases from the average value, and 
this phenomenon is consistent with the previous simulation 
conclusion.

The relationship between the resistivity increase rate and 
the water saturation of four different pore structure rocks is 
shown in Fig. 11. The slope of the straight line of I–Sw in the 
double logarithmic coordinate system is gradually increased 
in the rock pore structure from type I to type IV.

The relationship between the cementation index of dif-
ferent pore structure rocks and the porosity and pore radius 
is shown in Fig. 12. The cementation index m increases first 
and then decreases with the increase of porosity and pore 
radius. The variation of porosity and pore radius rocks is 

different in four types of pore structure, and the variation of 
m is different. The relationship between the saturation index 
of different pore structure rocks and the porosity and pore 
radius is shown in Fig. 13. The saturation index n decreases 
with the increase of porosity and pore radius and the two 
approximate power functions.

Nuclear magnetic resonance characteristics 
of rocks with different pore structures

Nuclear magnetic resonance logging is an important tool to 
evaluate the pore structure characteristics of rock. The char-
acteristics of pore distribution determine the morphology 
of nuclear magnetic resonance T2 spectrum. The geometric 
mean value of nuclear magnetic resonance T2, cutoff value 
and the key parameters of nuclear magnetic resonance such 
as irreducible water saturation also have an effect. There-
fore, it is a great significance to evaluate the influence of 
pore structure on nuclear magnetic resonance characteristics 
through simulation and experimental research.

Construction of T2 spectrum of rocks with different 
pore structures

In order to study the influence of pore structure type on the 
morphology and nuclear magnetic resonance parameters of 
T2 spectrum, the nuclear magnetic resonance T2 spectrum of 
different pore structure rocks was constructed based on the 
pore size distribution of different pore structure rocks and 
the mercury intrusion curve characteristics of various pore 
structure rocks. The porosity is set to 12%, the echo interval 
is 0.2 ms, and the number of echoes is 2048. The nuclear 
magnetic attenuation spectra of rocks with different pore 
structures are obtained, as shown in Fig. 14.

The modified SVD inversion method was used to invert 
the above-mentioned nuclear magnetic attenuation spectrum, 
and the nuclear magnetic resonance T2 spectrum of differ-
ent pore structure rocks was obtained, as shown in Fig. 15 
(Gao and Xiao 2015). The T2 spectrum of the type I pore 
structure rock is a typical bimodal, with large pores as the 
main type, and the typical bimodal coarse pore–throat type. 
The T2 spectrum of the type II pore structure rock is bimodal 
too, mainly composed of small pores; it is a typical bimodal 
fine-thick pore–throat type; the T2 spectrum of the type III 
pore structure rock has a single-peak shape, and the mor-
phology is a single-peak coarse pore pore–throat type; the T2 
spectrum of the type IV pore structure rock has a single-peak 
shape, and the morphology is a unimodal pore–throat type 
The nuclear magnetic T2 geometric mean, the T2 arithmetic 
mean and the cutoff value calculated from the T2 spectrum 
are given in Table 2. Under the same porosity conditions, the 
pore structure is from type I to type IV, and the T2 geometric 

Fig. 10  F–Φ relationship diagram of rocks with different pore struc-
tures

Fig. 11  I–Sw relationship of different pore structure rocks
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mean and the arithmetic mean decrease, that is, the T2 geo-
metric and the arithmetic mean can be used to characterize 
the pore structure. 

Analysis of nuclear magnetic resonance 
experimental characteristics of rocks with different 
pore structures

Aims to study the nuclear magnetic resonance characteris-
tics of rocks with different pore structures, the T2 spectrum 
experiment of nuclear magnetic resonance was carried out 
for 34 sandstones in the study area. The echo interval was set 
to 0.2 ms, the waiting time was 6000 ms and the number of 
echoes was 2048. The formation water salinity at 4000 ppm, 
the nuclear magnetic T2 spectrum of rocks with different 

pore structures under complete water conditions is obtained, 
as shown in Fig. 16. The T2 spectrum of the type I pore 
structure rock is bimodal coarse–fine pore–throat type; the 
T2 spectrum of the type II pore structure rock is bimodal 
fine-thick pore–throat type; the T2 spectrum of the type III 
pore structure rock is mainly bimodal fine-rough hole–throat 
type and unimodal coarse hole–throat type; type IV pore 
structure rock T2 spectrum is unimodal pore–throat type. 

The fractal characteristics of mercury intrusion curves 
have been generally recognized. The fractal features of mer-
cury intrusion curves have been widely used in pore struc-
ture classification and parameter calculation (Xiao 1998; Ma 
et al. 2004; Wei and Xiao 2009; Zhang et al. 2017). Accord-
ing to the relationship between the capillary pressure and the 

a b

Fig. 12  a m–Φ relationship of rock with different pore structures; b m–r relationship of rock with different pore structures

a b

Fig. 13  a n–Φ relationship of rock with different pore structures; b n–r relationship of rock with different pore structures
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T2 value, the following formula can be obtained as (He et al. 
2005; Xia et al. 2012):

where D is the fractal dimension, Sv is the cumulative water 
saturation, and T2max is the maximum amplitude in the NMR 
T2 spectrum.

The above formula shows that the T2 spectrum has fractal 
characteristics like the mercury intrusion curve. The cumula-
tive water saturation Sv and T2 values are linear in the double 
logarithmic coordinate system, and the fractal dimension 
can be obtained by using the slope. The nuclear magnetic T2 
spectrum fractal characteristic curves of samples 1 and 2 are 
shown in Fig. 17. In the figure, Dh1 is the macroporous frac-
tal dimension, and Dh2 is the small-pore fractal dimension. 
The fractal characteristic curve of T2 spectrum has obvi-
ous multi-segment fractal features. The fractal dimension 
of small pores is smaller than that of large pores, and the 
fractal dimension ranges from 2 to 3.

(12)lg(Sv) = (3 − D) lg(T2) + (D − 3) lg T2max

The relationship between the nuclear magnetic resonance 
T2 geometric mean and macropore fractal dimension and 
porosity of different pore structure rocks is shown in Fig. 18. 
T2gm increases with the increase of porosity, and the T2gm 
sensitivity of pore structure to porosity from type I to type 
IV decreases gradually. The fractal dimension of macropores 
decreases with the increase of porosity from type I to type 
IV of pore structure. The sensitivity of Dh1 to porosity is 
gradually reduced. 

Conclusions

Based on the theoretical simulation and combined acoustic 
and NMR experiments, the following can be obtained:

(1) Under the same porosity condition, the compressional 
velocity and shear velocity increase with the increase 
of the aspect ratio of the pore. Under the condition of 

Fig. 14  Nuclear magnetic decay spectrum of rocks with different pore structures
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smaller pore aspect ratio, the sensitivity of the com-
pressional velocity and shear velocity to the porosity 
is reduced; under the condition of larger pore aspect 
ratio, the variation of the sensitivity of the compres-
sional velocity and shear velocity to the porosity is 
reversed; the control action of the pore structure type 
on the variation law of the compressional velocity and 
shear velocity is affected by the aspect ratio of the pore.

(2) The formation factors increase with the increase of 
the pore–throat ratio. The porosity–throat ratio has a 
greater influence on the smaller porosity, and the for-
mation factor is positively correlated with the tortu-
osity. The larger the pore–throat ratio is, the greater 
the influence of the tortuosity on the formation factor 
is. In the pore structure dominated by small pores, the 
two-pore-component model should be used to fit the 
resistivity data to obtain the saturation model; there are 
differences in the variation laws of m and n in different 
pore structure rocks. The saturation index n is approxi-
mately a power function with porosity and pore radius.

(3) The pore structure controls the morphology of the T2 
spectrum. From type I to type IV, the T2 geometric 
mean and the arithmetic mean decrease. The sensitiv-
ity of T2gm and Dh1 to the change of porosity gradually 
decreases.

Fig. 15  Inversion of nuclear magnetic decay spectra with different pore structures

Table 2  T2 parameter table of rock structure spectrum with different 
pore structures

Pore structure type T2 geometric mean (ms) T2 arithmetic 
mean (ms)

I 28.233 131.426
II 14.979 52.232
III 6.119 37.428
IV 2.459 3.484
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Fig. 16  NMR T2 spectrum of rocks with different pore structures
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Fig. 17  Nuclear magnetic resonance T2 spectrum fractal characteristic curve
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