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The porous structure of a reservoir rock greatly influences its evolutive deforma-
tion and fracture behavior during excavation of natural resources reservoirs. Most 
numerical models for porous structures have been used to predict the quasi-static 
mechanical properties, but few are available to accurately characterize the evolu-
tion process of the porous structure and its influence on the macroscopic properties 
of reservoir rocks. This study reports a novel method to characterize the porous 
structure of sandstone using its topological parameters and to determine the laws 
that govern the evolutive deformation and failure of the topological structure un-
der various uniaxial compressive loads. A numerical model of the porous sand-
stone was established based on the pore characteristics that were acquired using 
computed tomography imaging techniques. The analytical method that integrates 
the grassfire algorithm and the maximum inscribed sphere algorithm was proposed 
to create the 3-D topological model of the deformed porous structure, through 
which the topological parameters of the structure were measured and identified. 
The evolution processes of the porous structure under various loads were charac-
terized using its equivalent topological model and parameters. This study opens a 
new way to characterize the dynamic evolution of the pore structure of reservoir 
sandstone under excavation disturbance.
Key words: porous structure, topological representation, reservoir sandstone, 

deformation and fracture, numerical characterization

Introduction 

The deformation and fracture of a reservoir rock is a dynamic process induced by 
underground oil and gas resource excavation and recovery in the presence of a complex in-situ 
stress field. The initial equilibrium stress field of reservoir rock is perturbed and the structure 
of the rock continuously deforms to fracture during excavation processes [1, 2]. Reservoir rock 
contains pores of various sizes, which provide storage space and transport channels for oil and 
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gas resources, and the skeleton of the rock supports external loads [3-5]. The evolutive defor-
mation and fracture of the pore structure significantly affect the rock’s physical and mechani-
cal properties, including deformability, strength, permeability, storage capacity, and transport 
properties [6, 7]. Therefore, understanding and quantitative characterization of the evolution of 
pore structures of rocks induced by reservoir excavation is of great significance for accurately 
evaluating the production and recovery of oil and gas resources.

However, the large number and irregular spatial distribution of the pores make it ex-
tremely difficult to analytically describe the evolution of the porous structure in response to 
complex excavation stresses. Alternatively, field tests, laboratory experiments and numerical 
models are commonly used to analyze the physical and mechanical properties of porous rock. 
In field tests, as oil and gas reservoirs are usually buried thousands of meters beneath the Earth’s 
surface, the size of the pores that affect the rock’s properties and ability to store and transport 
oil and gas is usually on the order of millimeters or smaller [8, 9], it is extremely hard to detect 
variations of the porous structure on this scale using the available detection technology. In lab-
oratory tests, the development of computed tomography (CT) imaging [10, 11], scanning elec-
tron microscopy (SEM) [12], nuclear magnetic resonance (NMR) [13] and the other advanced 
imaging technologies have made it possible to observe the microstructures of porous media. 
However, the evolution of the structure of porous rock during excavation is a dynamic process 
due to variation of external loads and other conditions. To date, it is still difficult to incorporate 
loading equipment and imaging devices to observe real-time variations of the porous structures 
of rocks.

Considering the limitations of field and laboratory tests, researchers have attempted 
to adopt numerical models to analyze microscopic porous structures. With improvements in 
computational methods, a few digital core construction methods have been developed [14-16], 
these include the Gaussian field method, process simulation algorithms, and simulated anneal-
ing methods [17-21]. These digital core models represent the geometrical features of the porous 
structure and can be used to determine the macroscopic properties based on a description of the 
pore structure. One of the most representative models commonly used to simulate porous media 
is known as the pore network model [22]. In these models, the apparent transport properties of 
reservoir rock can be observed, but few are available for elucidating the effective law relating 
the evolution of the pore structure and the observable macroscopic properties of the rock.

To quantitatively characterize the porous structure and the influence of its evolution 
on the macroscopic properties of reservoir rocks, topological parameters of the porous struc-
ture, such as the pore radius, throat radius and coordination number are often used [23-26]. 
Despite of present achievements, it is noteworthy that most numerical models of pore structures 
are able to predict the static or quasi-static physical and mechanical properties that relate to 
the porous structure, but few can accurately characterize the dynamic evolution of the porous 
structure and its influence on the macroscopic mechanical behavior of rocks. 

We intend to construct a topological model of a reservoir rock to characterize the 
porous structure and its dynamic evolution using the topological features and to determine 
the laws that govern the evolution of the deformed topology as a result of excavation-induced 
loads. The topological skeleton was used to create the 3-D network model, based on which the 
3-D topological parameters of the deformed porous structure, such as pore, throat, and co-ordi-
nation numbers, pore and throat radii, pore-to-throat ratios, were identified and measured. The 
dynamic evolution processes including deformation and fracture of the pore structure charac-
terized using the topological features induced by external loads were elucidated thoroughly.
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Constructing the porous sandstone model

A micro focus CT system with a spacial resolution up to 4 µm was employed to identify 
the morphology of pore structures. The reservoir sandstone samples for the CT test have a low ma-
trix granularity and scale 25 mm in diameter and 
50 mm in height. Each sample was scanned from 
top end to bottom end with a voxel size of 25 μm. 
Figure 1(a) demonstrates one of the 2-D CT slic-
es with a precision of 1024 × 1024 pixels. To dis-
tinguish the pores from the matrix, the CT imag-
es were binarized into the two-phase images that 
only comprise the pixels of pores and matrices. 
In the process, the gray values of matrix and pore 
pixels were set to be 255 and 0. To attain the ac-
curate and complete geometrical and distribution 
characteristics of pores, the median filtering and 
multi-threshold segmentation methods [27-29] 
were adopted to remove the noisy points and identify the pores using the self-developed computer 
program. Figure1(b) shows a binarized 2-D image of pores on the selected cross-section of the 
rock sample. According to the binarized CT image, it is shown that the porosity of the sandstone 
is approximately 15% and the probability density of the equivalent pore radius complies with 
exponential distribution law [30] which is in good agreement with the pore radius distribution of 
the nature sandstone. After processing, the binarized CT images were imported to the softwares 
MIMICS® (http://materialise.
com/) and ANSYS® (http://
www.ansys.com/) to generate 
the 3-D model of the porous 
sandstone. A total of 200 square 
slices with a precision of 200 × 
200 pixels were inscribed out 
of the 2-D circular binarized 
CT images of the representa-
tive layers to form the cubic 
model with side lengths of 5 
mm, as shown in fig. 2.

Measurement of topological characteristics of  
deformed porous structures subjected to loading

Construction of finite element model

To probe the deformation and failure behavior of the porous sandstone subjected to 
loads, we carried out the numerical simulation compressive tests based on the porous sand-
stone. Table 1 lists the mechanical properties of the sandstone that were attained from the labo-
ratory tests [7, 31]. These material parameters were assigned to elements according to the grey 
values of the element pixels. 

Boundary conditions and failure criteria

To study the effect of external loads on the deformation and fracture of the porous 
rock, the following boundary conditions were applied to the numerical model: at the bottom of 

(a) (b)

Figure 1. The CT image processing; (a) the 
original CT scanning image, (b) the binarized 
CT image by applying median filtering and 
threshold segmentation

(a) (b) (c)

Figure 2. The constructed cubic porous sandstone model; (a) the 
matrix of the model, (b) the perspective drawing of the model,  
and (c) finite element meshes of the model
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the model (i. e. x-y plane with z = 0) constraints were applied to all displacement directions, 
on the top plane of the model the uniaxial compression stress was continuously applied in six 
steps from 10 MPa, 20 MPa, 30 MPa, 40 MPa, 50 MPa, and 60 MPa, and to take into account 
the effect of underground in-situ geostresses. The confining stress 10 MPa was applied on the 
other four surfaces of the model.

Three different failure criteria, i. e. the Drucker-Prager criterion, the maximum com-
pressive stress criterion, and the ultimate tensile stress criterion, were set to the threshold con-
dition of element failure. The element will be perished whichever criterion is satisfied first. 

Methodology

This part explains the methods that were used to measure the topological character-
istics and construct the topological model of the deformed porous structure of sandstone sub-
jected to various compressive loads. The method that integrates the Blum’s grassfire algorithm 
and the maximum inscribed sphere algorithm is proposed to construct an equivalent topological 
skeleton of a porous structure. The 3-D topological characteristics and the evolution of the 
deformed porous structure under various loads are identified and analyzed based on the afore-
mentioned numerical simulation results.

To achieve the goal, we adopted the Blum’s grassfire algorithm [32] and the maximum 
inscribed sphere algorithm [33] together to create a skeleton model that is topologically equiv-
alent to the porous system. In fig. 3(a), the red lines envelop the fire areas, and the red arrows 
indicate the moving direction of fire. The yellow line represents the medial axis. Let us assume 
a 2-D porous structure, see fig. 3(b), for instance, in which the white lattices constitute the pore 
space and the gray lattices make up the solid matrix. Applying the grassfire algorithm along 
with the 8-connectivity approach (i. e. each point of interest connects with the eight neighboring 
points) to the 2-D porous structure generates the skeleton represented by large numbers, where 
the numbers marked in lattices indicate burning steps. If the 4-connectivity approach is applied, 
the red lattices will be burned up in Step # 2 rather than in Step # 1 as the result of applying 
8-connectivity approach. For a 3-D system, the 26-connectivity approach may apply, in which 
26 neighboring voxels of the voxel of interest are taken into account. 

Table 1 Mechanical properties of the tested sandstone
Elastic modulus 

E [GPa]
Poissons 
ratio µ

Cohesion C  
[MPa]

Internal friction 
angle ϕ [◦]

Compressive 
strength σc [MPa]

Tensile strength 
σt [MPa]

42.6 0.23 21.94 30 67.89 12.59

(a) (b)

Figure 3. Illustration of the Blum’s grassfire algorithm for determining the 
required skeleton; (a) basic principle of the algorithm and (b) the extraction 
of a skeleton from the 2-D porous structure using the 8-adjacency rule and 
4-adjacency rule (for color image see journal web site)
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A dilation algorithm was performed to find the radii of pores and throats. The measur-
ing procedure starts from the media axis voxel and creates a sphere with a radius of one voxel 
and check if there is any overlap between the inscribed sphere and the surrounding matrix. If 
there is an overlap, the procedure stops and the obtained radius is considered as the radius of the 
pore. If there is no overlap, the algorithm proceeds by increasing the radius by one voxel, and 
repeats the previous step until an overlap between the matrix and sphere occurs. In some cases, 
two and more voxels occupation can be considered as one void space; a merging criterion is 
adopted in which two inscribed pore bodies are merged if they overlap and the largest inscribed 
pore body is chosen to be the inscribed pore [33]. Figure 4 shows the merging of two inscribed 
pores that occupy the same void space and the methods that were used to define the largest 
inscribed pore radii and the smallest inscribed throat radii. The same dilation algorithm was 
used to determine the throat radii. The inscribed throat is located at the voxel with the minimum 
burning number along the medial axis connecting two neighboring voxels. The approach can 
find its origin in [33].

(a) (b) (c)

Figure 4. Diagram of defining the radii of inscribed pores and throats

Measurement and analysis of the topological  
parameters of the deformed porous structures

The previous methods were applied to measuring the topological parameters of the 
deformed structures under various external loads. The simulation results embody the effects of 
deformation and fracture of matrix skeleton under various loads, which modify the topological 
parameters of the porous structures. The 3-D topological parameters were measured based on 
these deformed porous structures. A MATLAB based program was developed to automatically 
measure the 3-D topological parameters of the deformed porous structures. Table 2 lists the 
extraction results of the parameters. Figure 5 presents the equivalent topological network model 
of the deformed structures using these parameters, in which the red and the green spheres rep-

Table 2. The 3-D topological parameters of the deformed 
structures under various compressive loads

Loads Pore 
number

Throat 
number

Average 
co-ordination 

number

Pore radius 
(voxel)

Throat radius 
(voxel)

Pore-to- 
-throat ratio

10 MPa 388 755 4.0521 6.9240 5.7782 1.1983
20 MPa 405 765 4.0523 7.2181 6.0924 1.1848
30 MPa 420 787 4.0541 7.3663 6.2522 1.1782
40 MPa 446 790 4.0595 7.4822 6.3782 1.1731
50 MPa 531 890 4.0764 7.5020 6.3996 1.1723
60 MPa 696 1171 4.1084 8.1892 7.1654 1.1429
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resent the pores and throats, respectively. Figure 6 shows the variations in the 3-D topological 
parameters as the external load increases.

These measurement results indicate that the numbers of pores and throats vary little 
as the uniaxial compressive load rises from 10 MPa to 50 MPa but increase apparently once the 
load jumps over 50 MPa. This implies that the porous structure has not been destructed severe-
ly before the compressive load exceeds 50 MPa. Once the load is beyond this threshold value, 
the number of failed elements dramatically increases, resulting in the apparent increases in the 
pore and throat numbers. The average co-ordination number and the average radii of pores and 
throats shows a similar increasing tendency, i. e. the average co-ordination number and the 
average radii ascend gradually before the compressive load reaches 50 MPa and the parame-
ters ascend abruptly once the load exceeds the threshold 50 MPa. Elevating compressive loads 
aggravates failure of the porous structure and increases the connectivity of porous structures. 

(a) (b) (c)

Figure 5. The 3-D equivalent topological network models of the deformed 
structures under compressive loads 10 MPa, 30 MPa, and 50 MPa 
using the measured parameters, in which the red and the green spheres 
represent the pores and throats, respectively 
(for color image see journal web site)

(a) (b)

(c) (d)
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Figure 6. Variation in the 3-D topological parameters changing with the 
external load; (a) pore and throat numbers, (b) average co-ordination 
numbers, (c) pore and throat radii, and (d) pore-to-throat ratios
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In contrast, the pore-to-throat ratio gradually decreases as the load increases, which means that 
the increment of throat radii is larger than that of pore radii. It implies that the failure occurs 
preferentially in the smaller pore regions of the porous structure.

Conclusions

The stress disturbance induced by underground resources excavation greatly influenc-
es the dynamic evolution of the porous structure and then the deformation and failure perfor-
mance of reservoir rock. This paper reports a novel method to characterize the porous structure 
of reservoir sandstone using its topological parameters and to analyze the deformation and 
failure behavior of the topological structure as a result of excavation-induced loads. The defor-
mation and fracture of the pore structure under various loads was numerically analyzed based 
on its numerical model that was established by means of the finite element method and the 
CT imaging technique. The grassfire algorithm and the maximum inscribed sphere algorithm 
was adopted to create the 3-D equivalent topological model of the deformed porous structure, 
through which the topological parameters of the deformed pore structure, such as pore number, 
throat number, co-ordination number, pore radius, throat radius and pore-to-throat ratio, were 
measured and identified. The evolution of the deformed porous structure under various loads 
was characterized using its equivalent topological model and parameters. 

The analysis indicates that there is a threshold value for the applied uniaxial compres-
sive load over which the number of pores and throats, the average co-ordination number, the 
average radii of pores and throats will apparently increase with the increment of the external 
loads. Elevating compressive loads aggravates failure of the matrix skeleton and then increases 
the connectivity of the porous structures. In contrast, the pore-to-throat ratio gradually decreas-
es as the load increases, which means that the failure occurs preferentially in the smaller pore 
regions of the porous structure.
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