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1 |  INTRODUCTION

Sandstone is one of the most important types of sedimen-
tary rock, mainly composed of quartz or feldspar. It is widely 

applied in geotechnical engineering, such as the underground 
construction, dam base rock, and tunneling. Thus, numerous 
scientific efforts have been devoted to studying the time-de-
pendent deformation, failure characteristics, and strength 
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Abstract
The micro-indentation test has been regarded as an efficient tool to obtain the elas-
ticity modulus and hardness of the minerals in rock, which is essential for study-
ing the deformation-crack mechanism of the pore structure. However, researches on 
microscopic plastic parameters have been rarely conducted. This paper develops a 
novel method to determine the microscopic initial strength and residual strength of 
brittle sandstone. A dimensionless analysis on the micro-indentation curve of rock 
is conducted to acquire its key influencing factors of the elastoplastic properties, 
which include the initial cohesive force and the residual cohesive force. Then, small 
cylindrical rock samples are prepared for micro-CT scanning and micro-indentation 
test by a conical indenter to acquire the microstructure, indentation curve, and the 
microscale elasticity. The pore scale indentation simulation is conducted using the 
reconstructed rock models with different strength. The function between the indenta-
tion curve and strength is deduced by the parametric finite element method (FEM) 
study. Based on this function, the microscale initial strength and residual strength 
of the brittle sandstone are determined. The proposed method is validated by com-
paring the microscale numerical simulation results of uniaxial compression on the 
representative volume element (RVE) model of rock with the experimental results. 
A reasonable deviation is observed compared with the experimental benchmark data 
for the stress-strain curves, as well as Young's modulus and uniaxial compression 
strength, proving the effectiveness of the proposed method.
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in the uniaxial/triaxial compression and tension tests.1-3 
Furthermore, sandstones make up about 50%-60% of reser-
voirs in the world,4,5 the tiny pore structures of which are 
the main storage space and flow channel for oil and gas. The 
requirements for enhancing oil recovery (EOR) advance the 
study on the transport properties of pore scale fluids, which 
are also beneficial to CO2 geological sequestration and 
underground contaminant control.6-8 In this case, the me-
chanical response of rock at the microscale is crucial to the 
deformation-crack mechanism of the pore structure. Using 
the reconstructed rock models of micro-X-ray computerized 
tomography (CT) images, Ju et al,9 Liu et al,10 and Zhou 
and Xiao11,12 analyzed the pore scale deformation-failure 
mechanism of rock under the stress wave propagation or in 
the uniaxial/triaxial compression. Song et al13 established a 
structured mesh model of sandstones by micro-CT images 
and simulated the evolution of pore structure and the per-
meability of rock. However, the mechanical properties of 
rock used for the pore scale samples (usually about 1 mm in 
length) in the above studies are all obtained from the stan-
dard cylindrical samples (25 or 50 mm in diameter, and 50 or 
100 mm in height). The laboratory test on the microscale me-
chanical properties of rock is challenged by the sample prepa-
ration, the measurement accuracy, and the size limitations for 
sample holder of the equipment.14,15 Nevertheless, the pore 
scale study on the deformation-crack mechanism of rock 
requires the input mechanical parameters at the same scale, 
which have not been addressed in literature to our knowledge. 
Thus, this paper aims to propose a novel method to evaluate 
the microscale elastoplastic properties of rock using the mi-
cro-indentation test and simulations.

For decades, plenty of indentation tests have been con-
ducted to characterize rock properties and the mechanical 
response at drilling and excavation processes (eg, rock frac-
ture and fragmentation). The indenter types include cylin-
der,16 wedge, cone,17 and hemispherical shapes.18 The sizes 
of indenters used in the rock indentation tests range from 3 
to 20 mm in diameter.19 Many studies have been devoted to 
the indentation fracture zone where the shape of a truncated 
ellipsoid is assumed, including the elastic zone; the inelastic 
zone; the cracked zone; and the crushed zone.16,20 Ladanyi21 
found that the diameter of the crushed zone in sandstone with 
a porosity of 8.6% is about 20% larger than that of the in-
denter. Jeng et al22 observed that the particle size of gypsum 
samples in the crushed zone is much smaller than that of the 
intact rock. Yagiz and Rostami23 measured the rock brittle-
ness using the indentation test. The acoustic emission (AE) 
and digital image technique were used to characterize the 
distribution and evolution mechanism of microcrack in the 
indentation test.24-27 The correlations between indentation 
parameters and the elastic modulus of different kinds of rock 
have been developed based on the experimental results.28,29 

Besides, many scientific efforts have been made to simulate 
the quasi-static indentation processes of rock combining 
FEM,30 displacement discontinuity method (DDM),31 or dis-
crete element modeling (DEM)32 with different constitutive 
law of rock, for example, the linear Mohr-Coulomb, Drucker-
Prager, and damage model.33,34 However, the indenter size 
adopted in these studies is in the millimeter scale, in which 
case the rock samples is assumed as intact, isotropic, and 
homogeneous. Accordingly, the spatial distributions of pore 
structure and minerals have been ignored.

With the developments of advanced instruments and 
characterization techniques, the high spatial resolution of 
micro-/nano-indentation makes it possible to establish the 
link between the mineralogy/morphology and the mechan-
ical properties in multiphase materials.35,36 Wang et al,37 
Auvray et al,38 and Han et al39 obtained the microscale elastic 
modulus and hardness of different rock by micro-indentation 
tests. Using the nano-indentation test with higher resolution 
than micro-indentation, Zhu et al40 and Daphalapurkar et al41 
acquired Young's modulus, hardness, and fracture toughness 
of the individual mineral phases of cement paste and natu-
ral rock. Goodarzi et al42 predicted the elastic response of 
realistic shale models with homogenization techniques and 
verified the feasibility by comparing with published results 
of indentation tests. However, most literatures have been fo-
cused on the elasticity and hardness of rock samples, while 
the microscopic plastic parameters are rarely studied, which 
are the focus of this research.

This paper develops a novel method to determine the 
microscopic initial strength and residual strength of brittle 
sandstone. A dimensionless analysis on the micro-indenta-
tion curve of rock is conducted to acquire the key influenc-
ing factors of elastoplastic properties. Then, small cylindrical 
rock samples are prepared for micro-CT scanning and mi-
cro-indentation test using a conical indenter to acquire the 
microscale structure, indentation curve, and the microscale 
Young's modulus. The pore scale indentation simulation is 
conducted by ANSYS using the constructed rock models 
with different strength. The function between the indentation 
curve and strength is deduced by the parametric FEM study. 
Using this function, the microscale initial strength and resid-
ual strength of the brittle sandstone are determined. This de-
termination method is validated by comparing the microscale 
numerical simulation results of uniaxial compression on the 
RVE of rock with the experimental results.

2 |  METHODS AND SAMPLE

This section presents the evaluation methodology of micro-
scale elastoplastic properties of brittle sandstone using mi-
cro-indentation test and simulation.
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2.1 | Indentation tests

The schematic of micro-indentation test is conducted using the 
conical indenter with a flat tip, and a typical indentation loading-
unloading curve is presented in Figure 1. Based on the relation-
ship between the indentation parameters and Young's modulus, 
the reduced Young's modulus, Er, is determined by,43,44

where Ac is the contact area between the tip and the tested sample.
For the conical indenter with a flat punch used in this 

paper,45 the contact area is expressed as,

where Rco is the radius of the flat tip of the conical indenter, α 
is the angle of the conical tip, and hc is the indentation contact 
depth, which can be calculated by,

where ε is the geometry constant of the tip and hm the maximum 
depth. For the conical tip, ε = 0.72. S is the stiffness, which can 
be calculated by:

Then, Young's modulus of the tested sample (Er) can be 
determined by,

where E is Young's modulus, and ν is Poisson's ratio, where 
the subscript of s and 1 represents the parameter of the tested 
sample and the indenter, respectively.

2.2 | Dimensionless analysis

The dimensionless analysis on the micro-indentation curve 
of rock is conducted to determine the key influencing factors 
of the elastoplastic properties, including the initial cohesive 
force and the residual cohesive force. Previous studies have 
been conducted to characterize the elastoplastic relationship 
of the indentation curve (Figure 1)45-47 using the shape func-
tions Πi, for example, the total energy during loading, W (the 
area under the loading curve), the maximum force, Pm, the 
unloading slope, S, the elastic energy, We (the area under 
the unloading curve), and the residual or final depth, hf. The 
basic form of the shape function can be written as,

where the total energy W is used in this study, which is defined 
as,

where the impact factor of W in the indentation curve includes 
the elasticity E and the plastic criterion of the tested material 
(fp); the impact factor of pore structure at the contact zone, fpore; 
the indentation depth h; the conical angle (α); and radius of the 
flat tip (R).

The microscale sandstone skeleton is assumed as isotro-
pic and homogeneous with perfectly elastic-plastic behavior. 
And the linear Mohr-Coulomb yield criterion is adopted in 
this study,

where τn and σn are the shear stress and normal stress, respec-
tively; C and φ are the cohesive and friction angle, respectively.

The residual strength of the sandstone after reaching the 
compressive strength is determined by the residual cohesive 
(Cr) and friction angle (φr). The cohesion weakening and fric-
tion strengthening phenomenon are adopted, which has been 
validated by many scholars.48,49 In this theory, the increasing 
of microcrack leads to the decrease of the cohesive strength. 
But the frictional strength appears after crack and increases 
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after broken into the finer rock fragmentation. Thus, the mi-
croscopic residual friction angle is considered to be constant 
to the initial friction angle, which is determined by the lab 
test. Thus, Equation (6) can be expressed as,

The conical angle and the radius of the flat tip adopted 
in this study are 60° and 100 μm. The impact factor of pore 
structure at the contact zone, fpore, is determined by the mi-
cro-CT imaging of the indentation sample and its recon-
structed model. The modeling details are presented in Section 
3. Thus, fpore can be removed from Equation (9). Meanwhile, 
by applying the dimensional analysis to Equation  (9) using 
Buckingham's PI theorem,50 it can be simplified as:

In this study, two distinct penetration depth of 10 μm and 
15 μm are adopted, corresponding to h/R = 0.1 and 0.15. For 
a specific conical indenter, the radius of the flat tip is known. 
Thus, the term h/R is removed and Equation (10) can be ex-
pressed for the specific depth:

where E is determined by Equation  (1). Since there are two 
unknown material properties (C, Cr) left in Equation (11), two 
shape functions at h/R = 0.1 and 0.15 are sufficient to deter-
mine the properties of the tested material uniquely.

2.3 | Evaluation methodology

Taking sample S1 as an example, the detailed determination 
procedure of microscale initial strength and residual strength 
for the brittle sandstone is explained as follows:

(1) Samples preparation and experiment

The small cylinder rock samples with the diameter of 
5 mm (shown in Figure 2A) are drilled from the original rock 
and then dried at 65°C for 12 hours. The top surfaces of the 
samples are polished for indentation rest using the Triple Ion 
Beam Cutter produced by Leica EM TIC 3X in Figure 2B. 
Then, the rock samples are scanned by Zeiss Xradia 
MICROXCT-400, shown in Figure  2C. One of the recon-
structed three-dimensional rock images is shown in Figure 2D 
(the detailed reconstructed procedure has been presented in 
our former publication6). Following that, the micro-indenta-
tion test of sandstone sample is conducted by MFT-4000 mul-
tifunctional material performance tester, which is produced 
by Lanzhou Institute of Chemical Physics, Chinese Academy 
of Sciences. A conical indenter with flat tip is adopted, 
whose tip angle is 120° and the radius of the tip is 100 μm. 
The micro-indentation test is conducted in the center of the 
scanned samples, as the red mark shown in Figure 2D. All 
experiments are executed in the State Key Laboratory of Oil 
and Gas Reservoir Geology and Exploitation (SKLOGRGE) 
at Southwest Petroleum University, Chengdu, China.

The curve of indentation force vs the penetration depth 
with a displacement control is shown in Figure 3. The blue 
dot lines represent for the feature point of h = 10 and 15 μm 
in the study. Using Equations (1)-(5), the microscale elastic-
ity of S1 is determined to be 17.8 GPa. 

(2) Simulation on micro-indentation test

The pore scale rock matrix model is extracted and recon-
structed from the micro-CT images. Considering that the radius 
and the maximum penetration depth are 100 μm and 15 μm, the 
size of the reconstructed rock model is 750 × 750 × 375 μm. 
The conical indenter with a flat punch is established in Abaqus 
software. The rock and indenter models are assembled and 
meshed using MIMICS software, as is shown in Figure 4.

The indentation simulation is conducted using the com-
mercial software ANSYS. The mechanical behavior be-
tween the rock surface and the indenter is assumed to obey 

(9)W =Fi(E,C,Cr,�,h,R,fpore)

(10)W
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F I G U R E  2  Sample preparation and the equipment used in this study
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Coulomb's law, and the friction coefficient νf of 0.15 is used. 
Poisson's ratio acquired by the traditional biaxial compression 
test is employed. These two parameters are usually regarded 
to have a very slight effect on the indentation analysis.45,51 
As is stated in Section 2.2, the rock skeleton is an elastic-per-
fectly plastic material with Mohr-Coulomb yield criterion. 
Considering that there is no grain broken into the finer rock 
fragmentation, the internal friction angle φ is assumed to be 
constant before and after reaching the peaking point, which 
is obtained from the biaxial test on standard rock samples. 
The target cohesion force C is assumed to be varying from 
14  MPa to 18.5  MPa, the range of which is based on that 
of the biaxial test. The ratio of the residual cohesion force 
Cr/C ranges from 0.3 to 0.65, which covers most of the rock 
materials. For sample S1, the detailed properties used in the 
simulation are shown in Table 1.

The penetration curves of 56 cases (in combination of 7 
values of C (14.0, 14.75, 15.5, 16.25, 17.0, 17.75, 18.5 MPa) 
with 8 values of Cr/C (0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 
0.60, 0.65)) are simulated on model S1 in this study, three 
of which are shown in Figure 5. Using these computational 
curves, the values of W(h=10) and W(h=15) can be determined, 
and the relationship curves between W/Ch3 and Cr/E are 
acquired and shown in Figure 6. It is found that W/Ch3 de-
creases with the rising of C/E monotonically, and the trend 
is dependent on Cr/C. The polynomial functions have been 
adopted to model the relationship between W/Ch3 and C/E of 
the curves in Figure 6. The basic expression of the polyno-
mial function is:

(12)y=anxn
+an−1xn−1

+⋯+a2x2
+a1x+a0

F I G U R E  3  Indentation force vs the penetration depth
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F I G U R E  4  Reconstructed rock matrix 
and indentation model: (A) is the conical 
indenter with flat punch and (B) is the 
assembled indenter and rock matrix
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T A B L E  1  Mechanical properties of 
rock S1 used in the indentation simulation

F I G U R E  5  Typical penetration curve of sample S1 with 
different strength
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where n is a non-negative integer that defines the degree of the 
polynomial. The coefficients of a0-an are fitted using ORIGIN 
software with a known n. The correlation factor, R2, is adopted 
to evaluate the fitting accuracy. The R2 of n = 2, 3, 4 are listed 
in Table 2, in which n = 3 is satisfying for both accuracy and 
concision. Thus, the cubic polynomial functions are adopted in 
this paper,

The fitted coefficients of A1-A4 are presented in Table 3. 
With these fitted functions of Equation (12), it is available 
to use the experimental results of W/Ch3 (h = 10) and W/Ch3 

(h = 15) to obtain the corresponding Cr/C value. Two sets 
of values for W/Ch3 vs Cr/C are deduced, and the two rela-
tionships can be illustrated. Figure 7 shows the example for 
sample S1. Two lines with different slope intersect at one 
point (marked by +). This intersecting point is the expected 
value of the cohesion force C and the residual ratio of the 
cohesion force (Cr/C), which is 17.95 MPa and 0.563. The 
complete workflow of the analysis procedure is presented 
in Figure 8.(13)

W

Ch3
=A4

[
ln

(
C

E

)]3

+A3

[
ln

(
C

E

)]2

+A2

[
ln

(
C

E

)]
+A1

F I G U R E  6  Relationship between W/Ch3 and C/E under different strength for h/R = 0.1 (A) and 0.15 (B)

(A) h/R=0.1  (B) h/R=0.15
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 0.4     0.45
 0.5     0.55
 0.6     0.65

C/E ×10-3

-3
3 10h/R = 0.1W

Ch
×

0.7 0.8 0.9 1.0 1.1

4
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7

Cr/C=
0.3     0.35

 0.4     0.45
 0.5     0.55
 0.6     0.65

C/E ×10-3

-3
3 10h/R = 0.15W

Ch
×

Cr/C A1 A2 A3 A4 R2

(a) h/R = 0.1

0.3 22.16209 9.47943 1.35092 0.06412 0.99909

0.35 21.51197 9.22948 1.31927 0.0628 0.9991

0.4 28.44073 12.20165 1.74425 0.08306 0.99842

0.45 32.3675 13.87848 1.98291 0.09438 0.99812

0.5 30.59419 13.12187 1.87527 0.08927 0.99847

0.55 28.86454 12.35408 1.76177 0.08368 0.99888

0.6 29.27845 12.54496 1.79095 0.08516 0.99885

0.65 24.40938 10.44605 1.48933 0.07071 0.99932

(b) h/R = 0.15

0.3 12.59101 5.4104 0.77454 0.03693 0.99902

0.35 14.1728 6.10228 0.87534 0.04182 0.99873

0.4 15.47887 6.65299 0.95277 0.04545 0.99851

0.45 18.11635 7.78475 1.11466 0.05317 0.99795

0.5 22.04308 9.44551 1.34872 0.06416 0.99767

0.55 22.57485 9.66156 1.37788 0.06546 0.99787

0.6 20.32178 8.69793 1.24048 0.05893 0.99847

0.65 19.92019 8.52655 1.21608 0.05777 0.99864

T A B L E  3  Fitted coefficients of A1-
A4 for sample S1 in Equation (12)
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3 |  RESULTS

The pore scale uniaxial compression simulation on the re-
constructed RVE and the uniaxial compression experiment 
on parallel samples are conducted, the results of which 
are used to validate the feasibility and applicability of the 
proposed methods. Five sandstone samples are adopted, 
among which, S1-S4 are natural sandstone samples, and 
S5 is synthetic samples with quartz grains by 3D printing. 
To reach the compromise between the representative prop-
erty and the computation efficiency, the RVE analysis of 
the rock skeleton on the mechanical parameters against the 
model size is conducted using ANSYS software. RVE is 
the smallest subvolume of the heterogeneous material to be 
used in determining the corresponding effective properties 
for the macroscopic model.52 As is shown in Figure 9A, the 
cubic from 100 to 400 pixels is extracted from the center 
of the original three-dimensional cylindrical rock image, 

which is gradually expanded to the surrounding area. The 
displacement loading is used to simulate the pore scale uni-
axial compression along the z direction. As it is shown in 
Figure  9B, both Young's modulus and Poisson's ratio of 
model S1 approach to be steady when the volume size is 
beyond 300 pixels. Thus, the RVE for sample S1 is 300 
pixels. Through the same methods, the RVE size of five 
sandstone samples is determined and presented in Table 3. 
As is stated before, Poisson's ratio and friction angle are 
obtained by the biaxial experiments on parallel samples, 
Young's modulus is acquired by micro-indentation experi-
ments, and the initial cohesion force and residual cohesion 

Cr/C

R2

h/R = 0.1 h/R = 0.15

n = 2 n = 3 n = 4 n = 2 n = 3 n = 4

0.3 0.99669 0.99909 0.99914 0.99654 0.99902 0.99913

0.35 0.99674 0.99910 0.99917 0.99562 0.99873 0.9989

0.4 0.99402 0.99842 0.99855 0.99457 0.99851 0.99867

0.45 0.99275 0.99812 0.99825 0.99555 0.99795 0.99927

0.5 0.99419 0.99847 0.99858 0.99087 0.99767 0.99781

0.55 0.99583 0.99888 0.99894 0.99175 0.99787 0.99798

0.6 0.99571 0.99885 0.99893 0.99419 0.99847 0.99855

0.65 0.99758 0.99932 0.99936 0.99285 0.99864 0.99871

T A B L E  2  R2 of polynomial function 
fitting with n = 2, 3, or 4 for sample S1 in 
Equation (12)

F I G U R E  7  Identification of the estimated solution as being the 
interaction of the two curves (from Equation (13) with Table 2 (h/R-
0.1 and 0.15))
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F I G U R E  8  Schematic of micro scale elastoplastic properties 
evaluation
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force are determined using the methods proposed in Section 
2.3. These mechanical parameters are also listed in Table 4.

In the uniaxial compression simulation, the boundary con-
ditions of the displacement loading and support are applied to 
the top and bottom surface of the model along the z direction, 
respectively. The surrounding surfaces are unconstrained, 
which is the same as the experiment. A maximum displace-
ment with the same strain of the uniaxial compression exper-
iment is adopted. The plastic strain distribution of samples 
S1, S3, and S5 in the simulation and the failure mode after 
uniaxial compression experiment are presented in Figure 10. 
In Figure 10A, sample S1 breaks by the typical shear failure 
mode with a single fracture surface, and there is also a plastic 
surface in the simulation result. In Figure  10B, sample S3 
fails by the X shape conjugate shear fracture, and an X shape 
conjugate plastic plane is also observed in one side of the 
model in the simulation result. In Figure 10C, the synthetic 
sandstone is damaged by the tensile fracture, and there is a 
plastic plane through the top surface in the simulation. The 
failure of the samples presented in this paper covers the most 
fracture modes of rock in uniaxial compression experiments. 
Since the perfectly plastic material is assumed, the facture in 
the experiment is presented in the elastic-perfectly plastic re-
gion. The results verify the representativeness and feasibility 
of the simulation on the reconstructed RVE models.

The stress-strain curves of the uniaxial compression 
simulation and experiment on the five sandstone samples 
are shown in Figure 11. The standard core (with the size of 

Φ2.5 × 5 cm) for the experiments is drilled from the same 
original rock samples as the small cores used for micro-CT 
scanning and micro-indentation test. The linear elasticity part 
of the curves in the simulation agrees well with the experi-
mental results. The nonlinear part of the uniaxial compres-
sion strength shows relative discreteness compared with the 
experimental results. The maximum deviation of the uniax-
ial compression strength (UCS) is observed for sample S2 
as −12.49%. The main reason lies in that the pore structure 
of the small sample for simulation is not exactly same as the 
standard sample for experiment. Though the two samples are 
drilled from the same original rock core, the heterogeneity 
of the rock pore structure leads to the deviation of the stress-
strain curves. Meanwhile, the microscale sandstone skeleton 
is assumed as isotropic and homogeneous with perfectly elas-
tic-plastic behaviors. The assumption means that the rock in 
the simulation does not crack as the experiments when the 
shear stress of the model exceeds the value defined by the 
Mohr-Coulomb criterion. In consideration of these reasons, 
the deviation is in an acceptable range.

Furthermore, as is listed in Table 5, Young's modulus and 
UCS of the reconstructed models are lower than the input pa-
rameters of the rock skeleton. The rock can be regarded as a 
kind of composite material made up by two phases, where the 
mechanical strength of the pore is 0. According to the rule in 
literature,53 Young's modulus is in the range of 
[(

�

Ep

+
1−�

Es

)−1

,(1−�)Es

]

, where � is the porosity, and Es and 

F I G U R E  9  RVE analysis of 
mechanical properties microstructure: (A) 
is the model selection for REV analysis and 
(B) is the ratio of Young's modulus and ratio 
of Poisson's ratio against model size for the 
RVE analysis, where the subscript s and i 
represent the calculated results of the model 
and the input parameters

(A) (B)
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T A B L E  4  Parameters of the five samples used in the simulation

Sample
Elements 
number Porosity/%

Length/
mm

REV/
pixel

Young's 
modulus/GPa

Poisson's 
ratio

Friction 
angle/°

Initial 
cohesion 
force/MPa

Residual 
cohesion 
force/MPa

S1 1 744 435 9.07 0.63 3003 17.83 0.3 46 18.0 10.1

S2 2 787 997 17.6 1.3 3003 19.10 0.26 34 23.4 9.7

S3 797 051 20.3 1.0 3003 24.90 0.21 23 24.7 11.2

S4 2 072 375 38.6 0.75 4003 9.80 0.32 24 19.2 12.0

S5 1 812 356 40.6 1.748 3003 5.59 0.15 14 7.13 3.02
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Ep are Young's modulus of the rock skeleton and pore, respec-
tively. Thus, the lower bound of Young's modulus of the model 
approaches to zero. It is found that Young's modulus of the re-
constructed model is within this interval. These results prove 
the feasibility of the proposed method in this paper.

4 |  CONCLUSIONS

This paper develops a novel method to determine the micro-
scopic initial strength and residual strength of brittle sand-
stone using the micro-indentation test and simulation, which 
deals with the elastic-perfectly plastic rock with known con-
stitutive model and pore scale structure.

The dimensionless analysis on the micro-indentation 
curve of rock is conducted using Buckingham's PI theorem. 
The key influencing factors of the elastoplastic properties 
(including the initial cohesive force and the residual cohe-
sive force) on the indentation curve are determined. Based 
on the dimensionless analysis results, the proposed method 
is conducted. Firstly, small cylindrical rock samples are pre-
pared for micro-CT scanning and micro-indentation test. The 

indentation curve and microscale Young's modulus are ac-
quired using the indentation test. The microscopic structure 
of rock is established from the micro-CT image and used as 
input for the micro-indentation simulation. Then, the func-
tion between the indentation curve and strength is deduced by 
the parametric FEM study on the pore scale indentation sim-
ulation. Using this function, the microscale initial strength 
and residual strength of the brittle sandstone are evaluated.

This method is validated by comparing the microscale 
numerical simulation of uniaxial compression on the RVE 
of rock with the experimental results of the correspond-
ing samples. Meanwhile, typical fracture modes on the 
RVE simulation for uniaxial compression, including shear 
fracture, X shape shear fracture, and tensile fracture, are 
investigated and compared with the experimental results. 
A reasonable deviation of the experimental stress-strain 
curves, Young's modulus, and uniaxial compression strength 
from those of the RVE simulation results is observed and 
analyzed. Although the brittle sandstone is adopted in this 
study, the proposed analyzing methods can be applied for 
all kinds of rocks with known constitutive model and pore 
scale structure.

F I G U R E  1 0  Plastic strain distribution 
in the simulation and failure mode after 
uniaxial compression experiment

Plastic strain distribution of S1 in the simulation and shear fracture after uniaxial compression 
experiment 

Plastic strain distribution of S3 in the simulation and X shape shear fracture after uniaxial compression 
experiment 

Plastic strain distribution of S5 in the simulation and tensile fracture after uniaxial compression 
experiment 

(A)

(B)

(C)
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