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Abstract
Understanding the mechanical properties plays pivotal roles in rock engineering. This work aims to establish novel relations 
linking the porosity, ultrasonic wave and fluid saturation to estimate the uniaxial compressive strength (UCS) fast and simply. 
The uniaxial compressive coupled with ultrasonic wave tests on sandstone samples are carried out to obtain the datasets of 
the UCS, P-wave and S-wave velocities. X-ray CT imaging technique is employed to capture the microstructure information. 
The color difference phase separation approach to segment the pore, water and solid phases is proposed, and pore-scale vari-
ables to describe the microstructure characteristics are defined. Novel relations to determine the micro velocities of P-wave 
and S-wave are established, and the modulus of deformation and the physical properties of rocks are evaluated. Novel rela-
tion to determine the UCS is established and validated by the real and virtual experiment datasets. Results show that the 
UCS, P-wave and S-wave velocities computed by the proposed method decrease with increasing fluid saturation. The errors 
between the calculated and experimental UCS, P-wave and S-wave velocities are all < 5%, showing excellent consistency 
with each other. The proposed method is effective to estimate the mechanical properties fast and accurately, simplifying the 
estimation of the UCS in rock engineering.

Keywords  Uniaxial compressive strength · Microstructural properties · X-ray CT test · Pore-scale variables · Virtual 
experiments

Abbreviations
IDG	� X-ray CT image
N	� Dimension
HDG	� Histogram
GIRGB	� Color pixel
GIini	� Initial peak threshold
GIfin	� Final peak threshold
TCDG	� Color difference threshold
ψave	� Average function
fb(x, y)	� Binary pixel
I3D	� 3D microstructures
< RP >	� Pore radius
DPI	� Voxel resolution
VS	� S-wave velocity
G	� Shear modulus
υ	� Poisson’s ratio
kG	� Solid phase conductivity

kP	� Pore phase conductivity
f(x, y)	� Discrete pixel
GI	� Gray intensity
ICDG	� Color difference image
ГRGB	� Three channel transformation function
ГR	� Red channel transformation function
ГG	� Green channel transformation function
ГB	� Blue channel transformation function
TB	� Pore–solid phase separation threshold
I2D	� 2D microstructures
φ	� Porosity
< RG >	� Grain radius
VP	� P-wave velocity
ρ	� Density
EYm	� Young modulus
kGeo	� Effective thermal conductivity
UCS	� Uniaxial compressive strength
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1  Introduction

Uniaxial compressive strength (UCS) plays pivotal roles 
in the characterization of the strength properties in rock 
engineering such as the tunnel excavation [1, 2], the 
shale–oil–gas exploration [3, 4] and the mineral resource 
mining [5, 6]. Recently, various methods are employed 
to determine the uniaxial compressive strength (UCS) of 
rocks, which are classified into three classifications includ-
ing the standardized test methods [7, 8], experimental 
methods [9, 10] and empirical formula methods [11, 12]. 
For the standard methods, although they are relatively 
simple, their performances are time-consuming, expen-
sive and tedious owing to the well preparation of the rock 
core samples. Regarding the experimental methods, there 
are similar limitations to the Standardized test methods, 
and there exist some limitations to the accidental error 
and artificial errors during the experiments. With respect 
to the empirical formula methods, they are the most com-
mon approach to estimate uniaxial compression strength 
of rocks. Moreover, the previous works [12–14] have veri-
fied that there exist excellent relations between uniaxial 
compressive strength and the P-wave velocity. In addition, 
there is good relation between the P-wave velocity and the 
porosity. For instances, Tuğrul and Zarif [13] established 
the relation between the UCS and the P-wave velocity 
based on the experimental data of numerous granite sam-
ples using the correlation analysis and simple regression 
analysis methods. Horsrud [15] provided empirical corre-
lations to predict the mechanical properties of shale based 
on the experimental porosity and the acoustic P-wave 
velocity of shale cores. Azimian and Ajalloeian [16] pro-
posed the linear relation between the laboratory uniaxial 
compressive strength and the P-wave velocity of marble 
samples with a correlation coefficient of 0.91. However, 
although excellent relations to determine uniaxial com-
pressive strength are provided by the previous works, there 
inevitably exist some limitations due to the single rock 
types and the processes to obtain the basic petrophysical 
properties are tedious and complex. In addition, the rela-
tions determining the UCS are nearly all established only 
either based on the P-wave velocity or porosity. Neverthe-
less, the effect of the S-wave velocity, fluid saturation on 
uniaxial compressive strength is not analyzed.

Recently, X-ray CT imaging techniques, owning to the 
advantages of the non-destructive testing, visual three-
dimensional (3D) descriptions of interior microstructures, 
real-time monitoring, provide effective tools to study the 
cracking characteristics [17, 18], to predict the permeabil-
ity by pore-scale characteristics [19, 20] and to investi-
gate the transport characteristics at micro-scale [21, 22]. 

For examples, Mukunoki et al. [23] studied the cracking 
evolution of the clay specimen subjected to the bending 
test using the X-ray CT imaging techniques, in which the 
cracking characteristics and the deformation fields of 
the specimens are observed and analyzed detailedly. Yu 
et al. [24] investigated the effect of pore size, distribution 
and specific surface on the permeability of the pervious 
concrete, and the results showed that the permeability 
increases with increasing pore size, and is the most sensi-
tive to the content of small pores. Liu and Mostaghimi 
[25] simulated the fluid flow, solute transport and chemi-
cal reactions based on the X-ray CT imaging techniques 
and the Lattice Boltzmann methods, in which the changes 
of the mechanical properties in porous media during the 
reactive flow are analyzed. In total, the previous works 
validated that X-ray CT imaging techniques are excellent 
tools to understand the cracking, hydraulic and transport 
properties. Nevertheless, the X-ray CT images are rarely 
applied to investigate the strength characteristics of geo-
materials based on their microstructures.

Therefore, the primary objective of this work is to 
establish novel relations to predict uniaxial compressive 
strength more simply and rapidly based on the microstruc-
tures of rocks and X-ray CT imaging techniques. Thus, 
the color difference phase separation method is proposed 
to reliably segment the pore, water and solid phases. 
Moreover, the pore-scale variables are defined to obtain 
the microstructure information. In addition, the novel 
relations are established to predict the P-wave velocity, 
S-wave velocity and the UCS. The main advantages of 
this work, compared with the previous work, are (1) the 
accurate segmentation with pore, water and solid phases 
avoiding overestimation or underestimation of pore phase; 
(2) the quantitative descriptions of the microstructures by 
the defined pore-scale variables; (3) the better prediction 
of the P-wave and S-wave characteristics of rocks; and (4) 
more rapid and simpler determination of the mechanical 
properties such as the modulus of deformation and UCS.

2 � Material and experiment setups

Sandstone is one of the most popular porous geomaterials 
involving in rock engineering such as the oil–gas explora-
tion, the geothermal energy exploration and the isolation 
and storage of carbon dioxide. Therefore, understanding 
the mechanical and transport properties is of paramount 
importance. In this work, the Bentheimer, Berea and Leop-
ard sandstones are collected to establish novel relations to 
predict the uniaxial compressive strength more efficiently 
and simply by X-ray CT test and virtual experiments.
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2.1 � Rock samples description

Bentheimer sandstone (BES) is a kind of homogeneous 
rock belonging to the late Early Valanginian of the Lower 
Cretaceous, mainly located in the southwest of the Lower 
Saxony Basin [26, 27]. The petrophysical assessment sug-
gests that the Bentheimer sandstone is colored in pale yel-
low to wheat color. Its porosity ranges from 19 to 25%, its 
permeability varies from 1500 to 3500 mD, and its UCS 
changes from 24.14 MPa to 56.03 MPa.

Berea sandstone (BS) is a kind of sedimentary rock 
widely recognized in the petroleum industry, which 
belongs to the Upper Devonian, mainly locates in the 
northern Ohio. It is a transversely isotropic rock with 
predominant sand-sized grains, which primarily con-
sists of quartz [28, 29]. It is a good reservoir rock with 
the high porosity of 18–25% and the wide permeability 
of 10–1000 md, and its UCS ranges from 44.83 MPa to 
55.17 MPa.

Leopard sandstone (LS) is a kind of inhomogeneous 
rock belonging to the Paleozoic. It is colored in dark burly-
wood with black spots [30, 31]. The petrophysical assess-
ment shows that its porosity changes between 15 and 22%, 
its permeability varies from 1100 to 1300 md and its UCS 
ranges from 20.69 MPa to 56.21 MPa.

2.2 � Experimental setups

For the laboratory tests, the experiment setups are divided 
into two sections. One is the X-ray CT test and the other is 
the uniaxial compression test. For the X-ray CT test, sam-
ples with the fluid saturation of 2% (dry) marked by BES2 
for Bentheimer sandstone; 6% (dry) and 14%, respectively, 
marked by BS6 and BS14 for Berea sandstone; and 0% 
(dry), 5%, 45% and 67%, respectively, marked by LS0, LS5, 
LS45 and LS67 for Leopard sandstone are first prepared. 
Then, these samples are scanned by the three-super-resolu-
tion (3SR) X-ray CT scanner, as shown in Fig. 1a. During 
the X-ray CT tests, the voxel resolutions are 4.91 μm for 
BES samples, 4.63 μm for BS samples and 3.48 μm for LS 
samples.

Regarding the uniaxial compression test, these prepared 
samples with a standard size (Φ25 mm × 50 mm) are com-
pressed by the rock mechanical testing device (RMT-301) 
combined with the aid of the data interface for P-wave and 
S-wave velocities, as shown in Fig. 1b. For the ultrasonic 
wave system, the driving voltage ranges from − 850 V to 
− 250 V and the gain scope for the electrical signal ampli-
fier varies from − 20 dB to + 50 dB. Moreover, the measured 
petrophysical parameters for theses rock samples subjected 
to the uniaxial compression are listed in Table 1.

Fig. 1   Experiment configura-
tions for (a) X-ray CT test and 
(b) uniaxial compression test 
with P-wave and S-wave

Table 1   Average parameters for different types of sandstone samples

Categories
Samples

Density Porosity P-wave velocity S-wave velocity Poisson’s ratio Young’s modulus UCS
ρ (g/cm3) φ (%) VP (km/s) VS (km/s) ν E (GPa) σ (MPa)

BES2 2.3332 22.1491 3.4449 1.8438 0.2992 20.9839 54.5405
BS6 2.3655 18.2266 3.3902 1.8035 0.3027 20.0461 53.9845
BS14 2.3749 16.8683 3.2903 1.6821 0.3106 17.3099 47.8768
LS0 2.3873 15.1461 3.9277 2.1827 0.2766 29.8593 68.0037
LS5 2.3955 14.3475 3.7781 2.0728 0.2846 26.8293 64.7747
LS45 2.4304 10.1810 3. 5657 1.9327 0.2920 23.1235 58.8513
LS67 2.4541 7.5983 3.5173 1.9050 0.2924 22.3940 57.9148
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3 � Mathematical and virtual models

Constructing the microstructure models of theses sandstone 
samples plays pivotal roles in fast and simply determin-
ing the modulus of deformation and uniaxial compression 
strength in this work. Therefore, the microstructure models 
for these samples are first constructed. Then, the pore-scale 
variables to describe the geometric characteristics of the 
microstructures are defined. Finally, the mathematical rela-
tions to determine the mechanical properties for these virtual 
models are addressed.

3.1 � Microstructure construction

Pore, water and solid phases are the common components in 
rock mass, and the primary issue to construct the microstruc-
tures with geometric characteristics is to accurately capture 
and extract the component information. X-ray CT imaging 
techniques are effective to provide the accurate geometric 
information for real microstructures of different geomateri-
als. Nevertheless, the separation for the pore, water and solid 
phases, affecting the rock properties (e.g., porosity, perme-
ability and modulus of deformations), is difficult especially 
for the three-phase (pore–liquid–solid) geomaterials, which 
are extremely subjected to overestimation or underestimation 

of the pore phase by the classical segmentation algorithms 
such as the OSTU method, watershed segmentation and 
ISODATA method [32–34]. Therefore, a novel color differ-
ence phase separation is proposed to segment the pore, water 
and solid phases in X-ray CT images of sandstone samples 
subjected to the interference of fluids in this work. The com-
plete segmentation procedures for the pore, water and solid 
phase separations are described detailedly as follows.

3.1.1 � Procedure one

Histogram estimation. Different structural components in 
rock mass are usually reflected by different gray intensity 
values radiographed by the X-ray CT beam, and are pre-
sented by different pixel element with different gray intensity 
values. Thus, the digital phantom image can be written as

where IDG and N represent the X-ray CT image consisting of 
the discrete pixel f (x, y) with different unique gray intensity 
value GI and the dimension, respectively.

Moreover, the distribution of these discrete gray intensity 
values representing the structural components can be drawn by 

(1)IDG =

N∑
x=1

N∑
y=1

f (x, y) = GI, GI ∈ [0, 255],

Fig. 2   Sketch maps of procedures to separate the pore, water and solid phases
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the histogram of the pixel elements, as shown in Fig. 2a-1–c-1, 
which can be expressed by

where HDG denotes the histogram consisting of different 
relative frequency of the discrete pixel f (x, y) with unique 
gray intensity value GI.

3.1.2 � Procedure two

Color difference mapping. In fact, some structural compo-
nents in rock mass have the similar and lower gray inten-
sity values (e.g., the pore boundary and tiny components), 
which are difficult to recognize, resulting in overestimation 
or underestimation of different phases. Therefore, the color 
difference mapping, as shown in Fig. 2a-1–c-1, is applied to 
highlight these weak components, and can be expressed by

where ICDG denotes the color difference image consisting of 
the color pixel GIRGB , ΓRGB is the three channel transforma-
tion function consisting of the red, green and blue channel 
transformation function ΓR , ΓG and ΓB , respectively.

3.1.3 � Procedure three

Phase separation threshold estimation. The peak threshold 
and color difference threshold are calculated to determine 
the phase separation threshold, respectively. As shown 
Fig. 2a-1–c-1, the peak thresholds in the initial and final 
peaks are first computed by determining the extremum, 
which are expressed as

where GIini and GIfin are the peak thresholds in the first and 
final peaks, respectively.

Then, from Fig. 2a-1–c-1, the color difference threshold 
values are computed by

(2)HDG = ∫
255

0

(
N∑
x=1

N∑
y=1

f (x, y) = GI

)
dGI,

(3)

ICDG = ΓRGB

�
N�
x=1

N�
y=1

f (x, y) = GI

�
=

N�
x=1

N�
y=1

GIRGB

=

N�
x=1

N�
y=1

⎧⎪⎨⎪⎩

GIR = ΓR(f (x, y) = GI)

GIG = ΓG(f (x, y) = GI)

GIB = ΓB(f (x, y) = GI),

(4)

⎧⎪⎨⎪⎩

𝜕HDG

𝜕f
(f ) = 0, f = GIini or f = GIfin

𝜕HDG

𝜕f

�
GI−

ini

�
> 0,

𝜕HDG

𝜕f
G
�
I+
ini

�
< 0

𝜕HDG

𝜕f

�
Gl−

fin

�
> 0,

𝜕HDG

𝜕f

�
Gl+

fin

�
< 0,

(5)
{

Ii
CDG

(
fi = GIRGB

)
− Ii

CDG

(
fi+1 = GIRGB

) ≠ 0

T
j

CDG
= GIRGB, j = 1, 2 ⋯ M for different phases,

where Tj=1

CDG
 represents the color difference threshold to seg-

ment the pore phase.
Next, the pore phase separation threshold without over-

estimation or underestimation is determined by

where TP is the pore phase separation threshold, �ave is the 
average function.

Finally, repeating Eqs. (3–6), the water phase separation 
threshold can be also determined in the same way by

where TW is the water phase separation threshold, Tj=2

CDG
 is 

the color difference threshold to segment the water phase.
Totally, using Eqs. (1–7), the pore, water and solid phases 

in sandstone samples with different water saturation can be 
segmented accurately, as shown in Fig. 2a-2–c-2, a-3–c-3, 
b-4–c-4.

3.2 � Virtual pore–water–solid phase representation

Once the separation threshold to segment the pore, water and 
solid phases is determined, the pore, water and solid phases 
can, respectively, be written as

where fb represents the binary pixel with 0 for pore, 1 for 
water and 2 for solid phases.

Thus, with these labeled pixels for pore, water and solid 
phases, the microstructures for two-dimensional (2D) and 
three-dimensional (3D) cases can, respectively, be expressed 
as

where I2D and I3D represent the 2D and 3D microstructures 
with pore, water and solid phases, respectively.

Figure  3, respectively, shows the reconstructed 3D 
microstructures for the Bentheimer sandstone sample with 
the fluid saturation of 2% (BS2); Berea sandstone samples 
with the fluid saturation of 6% (BS6) and 14% (BS14); and 
Leopard sandstone samples with the fluid saturation of 5% 
(LS5), 45% (LS45) and 67% (LS67), in which the pore, 

(6)TP = �ave

((
GIini + GIfin∕2

)
, T

j=1

CDG

)
,

(7)TW = �ave

((
GIini + GIfin∕2

)
, T

j=2

CDG

)
,

(8)

⎧⎪⎨⎪⎩

fb(x, y) = 0, f (x, y) ≤ TP
fb(x, y) = 1, TP < f (x, y) ≤ TW
fb(x, y) = 2, f (x, y) > TW,

(9)I2D = ∫
N

1 ∫
N

1

fb(x, y)dxdy,

(10)I3D = ∫
N

1 ∫
N

1 ∫
N

1

fb(x, y)dxdydz,
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water and solid phases are represented by the blue, red and 
green colors, respectively.

It is easy to find from Fig. 3 that the pore phase decreases 
with increasing fluid saturation; the pore phases are gradu-
ally occupied by water phase due to its flow. For BS2 in 
Fig. 3a, the pore phase occupies 21.84% of the total volume 
with water phase of 0.44% and solid phase of 77.72%. Thus, 
the water phase is almost invisible in its 3D microstructure. 
For BS6 and BS14, the volume percentage of pore phase 
decreases from 22.39% to 20.91% with increasing water 
phase from 1.34% to 3.13%, as shown in Fig. 3b, c. For 
LS5, LS45 and LS67, the volume percentage of pore phase 
decreases from 13.97% to 4.18% with increasing water phase 
from 0.71% to 9.49%, indicating the pore phase is occupied 
by water phase caused by the water flow along the connec-
tive paths in microstructures, as shown in Fig. 3d–f.

3.3 � Pore‑scale variables definition

Once the pore, water and solid phases are separated by 
Eq. (1–7), the pore-scale variables can be evaluated based on 
the microstructural models with pore–water–solid phases. In 

this work, micro-porosity, pore and grain sizes are defined to 
establish the novel relationships between the micro-porosity 
and uniaxial compressive strength, and to investigate their 
correlations with the pore-scale variables in different types of 
sandstone with different saturations.

Generally, micro-porosity (φ) is the ratio of the void space 
to the volume of the porous geomaterials. Thus, the porosity 
is expressed as

Moreover, the pore size is considered to the equivalent 
radius of the circle or sphere. Thus, with the marked color 
pixels for the pore matrixes by Eq. (3), each sub-pore matrix 
is represented by the different color pixels, and the pore radius 
can be calculated by

(11)� =

∑N

x=1

∑N

y=1
fb(x, y) = 0

∑N

x=1

∑N

y=1
fb(x, y) = 0, 1, 2

× 100%.

(12)

⟨RP⟩ =
�
DPI ∗

�
i

�
N�
x=1

N�
y=1

fb(x, y) = GIi
RGB

���fb(x,y)=0
�
∕�

�1∕2

,

Fig. 3   3D microstructures for different types of sandstone samples with different saturations
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where ⟨RP⟩ denotes the pore radius, DPI is the voxel resolu-
tion and GIi

RGB
 is the color pixels for the i - th pore phase.

Thus, the size for the solid phase (grain size) with the 
similar approach can also be written as

where ⟨RG⟩ denotes the grain radius.

3.4 � Determination of the mechanical properties

Uniaxial compressive strength (UCS) is one of the most 
mechanical parameters applied in rock engineering [7]. In 
fact, there exist effective relations between the porosity and 
the ultrasonic wave velocity. Therefore, efforts are made to 
establish novel relations to rapidly determine the mechanical 
properties by X-ray CT imaging techniques.

First, the relations between the micro-porosity and ultra-
sonic wave velocity extracted from microstructures based on 
the proposed pore–water–solid phase separation approach 
and X-ray CT images are established, which are written as.

where R2 is the R-Square for the fitted equation, VP and VS 
denote the P-wave and S-wave velocities, respectively.

Then, the relations between the modulus of deformation 
and the ultrasonic wave velocity can be written as [35–39]

where � , G , EYm and � are, respectively, the density, shear 
modulus, Young’s modulus and Poisson’s ratio, and the kgeo , 
kG and kp are the effective thermal conductivity, solid phase 
conductivity and pore phase conductivity, respectively.

The previous works have validated that uniaxial compres-
sive strength (UCS) extremely relates to the P-wave velocity, 
and linear relations, exponential relations, logarithmic and 
power relations are established [12, 16]. The main purpose 

(13)

⟨RG⟩ =
�
DPI ∗

�
i

�
N�
x=1

N�
y=1

f (x, y) = GIi
RGB

���fb(x,y)=2
�
∕�

�1∕2

,

(14)VP = 4.28208 − 0.04887�
(
R2 = 0.9666

)
,

(15)
VS = −7.22363EXP

(
−VP∕5.35265

)
+ 5.64403

(
R2 = 0.98809

)
,

(16)� = 0.31 × V0.25
P

(17)G = �V2
s
∕106,

(18)EYm = 2G(1 + �),

(19)� = (0.5V2
P
,−V2

S
)∕(V2

P
,−V2

S
),

(20)kGeo = (1 − �)kG + �kP,

of this work is to develop the simplest relation between 
UCS and the ultrasonic wave velocity, porosity of sandstone 
samples with different fluid saturation by X-ray CT imaging 
techniques. Thus, the mechanical properties including the 
modulus of deformation and UCS can be rapidly evaluated 
by the micro-porosity from the microstructures in X-ray CT 
images of rock samples. The rock properties can be deter-
mined by Eqs. (15–19), and UCS can be estimated by

where a, b, c, d and e are the fitting coefficients related to 
microstructures of rocks, and S is the fluid saturation.

4 � Results and discussions

In this work, three samples for each type of sandstone with 
different fluid saturations (total 21) are prepared and meas-
ured to establish the relation between the UCS and P-wave 
velocity based on the micro-porosity extracted from the 
microstructures in rocks using X-ray CT imaging. Moreo-
ver, the pore-scale variables and variables of mechanical 
properties are defined, and the effect of the pore-scale vari-
ables on the mechanical properties is investigated. In addi-
tion, the fitted relations are validated by the virtual and real 
experimental results.

4.1 � Characterization for pore‑scale variables

Pore-scale variables offer information enough to quantita-
tively describe the microstructural characteristics of rocks. 
Figure 4 shows the porosity, pore and grain size (radius) 
distributions computed by Eqs. (11–13).

In Fig. 4a, micro-porosities for different samples are 
19.096–25.781% with the average of 22.349% for BES2; 
12.701–22.764 with the average of 18.227% for BS6; 
10.966–20.922% with the average of 16.868% for BS14; 
9.338–22.817% with the average of 15.146% for LS0; 
9.921–22.992% with the average of 15.147% for LS5; 
2.740–18.099% with the average of 9.181% for LS45 and 
1.402–13.327% with the average of 6.598% for LS67, 
respectively. Clearly, micro-porosity decreases with increas-
ing water saturation, suggesting the occupation of micro-
structural void (pore) phase by water phase.

In Fig. 4b, digital pore sizes (radiuses) for void phases 
in different samples vary from 30.233 μm to 37.450 μm 
with the average of 33.678 μm in BES2; from 23.941 μm 
to 38.708 μm with the average of 31.399 μm in BS6; from 
26.020 μm to 36.720 μm with the average of 29.058 μm 
in BS14; from 15.625 μm to 25.597 μm with the aver-
age of 19.832 μm in LS0; from 15.109 μm to 24.678 μm 
with the average of 19.774 μm in LS5; from 22.895 μm 

(21)UCS = a + b × � + c × VP + d × Vs + e × S,



	 Archives of Civil and Mechanical Engineering (2021) 21:46

1 3

46  Page 8 of 16

to 40.234 μm with the average of 30.807 μm in LS45; 
and from 22.286 μm and 46.438 μm with the average of 
34.615 μm in LS67, respectively. Obviously, their mini-
mum and maximum are very close to each other because 
they are all sandstone rocks with the same geological gen-
esis. However, their distributions have large differences 

due to the difference of water phase and varied pore struc-
tures. Totally, the pore size decreases with increasing fluid 
saturation. However, the pore size for LS45 and LS67 dra-
matically increases with increasing water saturation, which 
may be caused by the deformations of solid and pore skel-
etons during the large amount of water infiltration.

Fig. 4   Pore-scale variables distributions and their relationships with the sampled depth
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In Fig. 4c, digital grain sizes for different samples vary 
between 64.253 μm and 84.333 μm with the average of 
73.948 μm for BES2; between 60.923 μm and 85.294 μm 
with the average of 70.339 μm for BS6; between 60.915 μm 
and 86.159 μm with the average of 70.431 μm for BS14; 
between 49.852 μm and 70.272 μm with the average of 
58.812 μm for LS0; between 49.851 μm and 70.270 μm 
with the average of 58.907 μm for LS5; between 49.853 μm 
and 71.510 μm with the average of 59.056 μm for LS45; 
and between 49.854  μm and 71.509  μm with the aver-
age of 59.138 μm for LS67, respectively. It is easy to find 
from Fig. 4c that digital grain sizes for the BS and LS 
samples with different water saturations are very close to 
each other for BS and LS samples, respectively. Thus, it is 
easy to conclude that the proposed color difference phase 
separation approach is accurate to segment the multi-phase 
microstructures.

Figure 4d–f shows the tendencies of micro-porosity, 
pore, water and grain phases versus depth of cross sections 
away from the sample top. In Fig. 4d, as water infiltration 
increases, the pore phase is occupied gradually by the water 
phase, the fractions of pore phase decrease and the fractions 

of water phase increase. Detailedly, the fractions of pore 
phase and water phase change slightly with the changeable 
depth in low water saturations. However, the pore phase and 
water phase change dramatically with high water saturations 
such as sample LS45 and LS67, in which the water phase is 
accumulated in the pore phase of microstructures at the bot-
tom of samples. Moreover, the pore size distributions along 
the depth (Fig. 4e) have the same tendency of those for the 
fraction of different phases in samples. In addition, the grain 
size distributions along the depth for each type samples with 
different water saturations are almost the same, which also 
implies the accuracy of the proposed method.

Moreover, color cross sections from the same locations 
(Fig. 5) and different locations in the same sample (Fig. 6) 
are generated to visually and detailedly declare the change 
of the porosity, pore size and grain size. It is easy to find 
form Fig. 5 that the porosity and pore size decrease with 
increasing fluid saturation, and the pore phase is gradually 
occupied by the increasing fluid phase. For the pore-scale 
variables from top to bottom of the same sample in Fig. 6, 
the porosity first decreases, then increases, and finally 
decreases with increasing depth of sample, suggesting the 

Fig. 5   Cross sections at the height of 0.400 mm for Leopard sandstone samples
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microstructural fluid flow behaviors. First, water phase fills 
gradually the void (pore) phases, which leads to the decrease 
of the porosity, as shown in Fig. 6b. Then, the void phases 
are continually filled with water infiltration, which are not 
enough to infiltrate along the connective hydraulic path. 
Thus, the porosity in the next cross section increases tem-
porally, as shown in Fig. 6c. Finally, as the large amount of 
water infiltration increases, water phase is gradually filled 
and accumulated in pore phase along the connective hydrau-
lic path. Therefore, the porosity further decreases, as shown 
in Fig. 6d–e. However, the porosity cannot be zero due to 
the isolate pore phase or non-connective hydraulic path in 
microstructures of samples, as shown in Fig. 6f.

4.2 � Evaluations for mechanical properties

To validate the accuracy of the predicted rock properties, the 
density, porosity, Poisson’s ratio, and modulus of deforma-
tion are computed by Eqs. (14–20) and compared with the 
experimental results.

Figure 7 shows the errors between the computed and 
experimental density, porosity, Poisson’s ratio and Young’s 
modulus. In Fig. 7a, the density increases as the fluid satura-
tion increases in BES2 to LS67 and the corresponding errors 
vary from 0 to 0.113% with the average 0.03%. Regarding 

the porosity, it decreases as the fluid saturation increases 
in BES2 to LS67 and the corresponding errors vary from 
0.127% to 3.672% with the average 1.847%. Referring to the 
Poisson’s ratio, it increases as the fluid saturation increases 
from BES2 to LS67 and the corresponding errors range from 
0.308% to 0.759% with the average 0.507%. With respect 
to the Young’s modulus, it decreases as the fluid saturation 
increases from BES2 to LS67 and the corresponding errors 
change from 0.288% to 1.264% with the average 0.582%. In 
total, all the errors for the density, porosity, Poisson’s ratio 
and Young’s modulus are less than 5%, showing good con-
sistency between the experimental data and the computed 
results by Eqs. (14–20). Therefore, the conclusion can be 
drawn that the proposed method is effective to evaluate the 
mechanical properties.

4.3 � Virtual experiment verifications

Excepting for the rock properties, the ultrasonic wave veloci-
ties and uniaxial compressive strength (UCS) are also inves-
tigated and validated by the virtual experiments. Once the 
basic properties are obtained, the uniaxial compressive and 
ultrasonic wave tests are carried out using ABAQUS [40], in 
which the details can be referred to. Considering the virtual 
uniaxial compression test, the bottom constraint is fixed at 

Fig. 6   Cross sections for Leopard sandstone with saturation of 67% at different height
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Y = 0 and the axial loading is considered at the top boundary 
at Y = W, as shown in Fig. 8a. Regarding to the virtual ultra-
sonic wave test, the bottom is the same as the virtual uniaxial 

compression test, which is considered to be the fixed con-
straint boundary and the top is loaded by the wave pressure 
with the certain frequency, as shown in Fig. 8b.

Fig. 7   Errors for the numerical and experimental rock properties

Fig. 8   Sketch maps of boundary conditions for the virtual (a) uniaxial compression test and (b) ultrasonic wave test
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Fig. 9   Cloud maps for (a) UCS (MPa) for the virtual uniaxial compression test, and (b) the Von-Mises stress (Pa) and (c) total displacement 
(mm) for the ultrasonic wave tests
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Figure 9 shows the contours of uniaxial compressive 
strength, Von-Mises stress and total displacement for dif-
ferent types of sandstone samples with different fluid satura-
tions. Uniaxial compressive strength, total displacement and 
the Von-Mises stress decrease with increasing fluid satura-
tion. Obviously, the water phase plays a negative role for 
the strength of rock samples. As the water phase gradually 
fills the pore phase, the local deformation increases, which 
makes the pore structures change with increasing water con-
tent. In addition, the changed pore structure also affects the 
fluid flow, and the water phase in microstructures makes 
the contact friction of microstructure decrease. Thus, the 
strength of rock samples decreases with increasing water 
phase.

To validate the accuracy and reliability of the pro-
posed method, the P-wave, S-wave velocities and UCS 
computed by Eqs. (14–21) are compared with the virtual 
and real experimental datasets. Figure 10a shows the rela-
tions between the porosity and P-wave velocity from the 
experiments in this work and the previous work. Obviously, 
although the fitted relation between the P-wave velocity and 
the porosity in this work is below that in the previous work, 
they agree well with each other. Figure 10b shows the rela-
tion between the P-wave and S-wave velocities in this work 
and the previous work. Moreover, the fitted relation between 
P-wave and S-wave velocities in this work agrees well with 
that in the previous work and the fitted relation in this work 
matches better with the experimental dataset than that in the 
previous work.

Figure  10c, d show the errors for the P-wave and 
S-wave velocities from the fitted relation, the virtual 

and real experiments. For the P-wave velocity, the error 
between the real experiment and fitted data ranges from 
0.001% to 0.451% with the average 0.126%, and the 
error between the real and virtual experiment data var-
ies from 0.006% to 0.160% with the average 0.074%. For 
the S-wave velocity, the error between the experiment 
and fitted data ranges from 0.072% to 0.611% with the 
average 0.321%, and the error between the real and vir-
tual data varies from 0.124% to 0.262% with the average 
0.169%.

Figure 10e, f shows the fitted UCS obtained by Eq. (20) 
and UCS obtained from the virtual tests and experiments. 
It is found from Fig. 10e, f that they decrease with increas-
ing fluid saturation in BES2 to LS67. The error between 
the real experimental UCS and the fitted UCS varies from 
0.262% to 0.802% with the average 0.549%, and the error 
between the real and virtual experimental UCS varies from 
0.026% to 1.393% with the average 0.866%. All the errors 
among the fitted data, the real and virtual experimental 
data are < 1.5%, implying the accuracy and reliability of 
the proposed novel relations to determine the mechanical 
properties. In addition, the residuals for the linear fitting 
relation to determine uniaxial compressive strength (UCS) 
fluctuate nearly around 0, showing the accuracy of the 
proposed relation.

It is easy to conclude from Table 1 and Fig. 10e that the 
mechanical properties significantly change with increas-
ing water in microstructure. As the water gradually fills the 
pore space in microstructures, its density increases and the 
Young’s modulus and UCS decreases due to the interac-
tion of water and rocks. The solid skeleton is lubricated, 

Fig. 9   (continued)
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which makes the contact friction decrease with increasing 
water phase. Therefore, the rock samples are weakened with 
increasing water content.

Therefore, the conclusions are drawn that the proposed 
relations are effective to estimate the rock properties, such 

as modulus of deformation. In addition, uniaxial com-
pressive strength can be fast and simply estimated by the 
proposed relation linking to the porosity, ultrasonic wave 
velocities and fluid saturation with the aid of X-ray CT 
imaging techniques.

Fig. 10   Errors for the real experimental, fitted and virtual experimental parameters of the ultrasonic wave test and uniaxial compressive test
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5 � Summaries and conclusions

In this work, the novel relations among uniaxial com-
pressive strength and the micro-porosity, ultrasonic wave 
velocity and fluid saturation have been established to sim-
ply evaluate uniaxial compressive strength with the aid of 
X-ray CT imaging techniques. The color difference phase 
separation approach has been proposed to accurately seg-
ment the pore, water and solid phases, and the pore-scale 
variables have been defined to describe the microstructural 
characteristics. The rock properties are computed by the 
proposed relations and validated by the real and virtual 
experiments with the microstructural models of rocks. The 
main conclusions are drawn as follows:

(1)	 The proposed color difference phase separation 
approach can segment the pore, water and solid phases 
without overestimating and underestimating. Thus, the 
microstructural characteristics of different phases can 
be well described by the defined pore-scale variables, 
such as the pore size, which are helpful to understand 
the effects of pore space on the mechanical properties 
of rocks

(2)	 The established novel relation between micro-porosity 
and P-wave velocity, and relation between the P-wave 
and S-wave velocities are effective to describe the wave 
characteristics in rocks, which are helpful to understand 
the dynamic responses of rock mass under earthquakes.

(3)	 The proposed novel relation among the UCS and the 
porosity, P-wave velocity, S-wave velocity and the fluid 
saturation based on the images improves the efficiency 
to determine the mechanical properties, such as the 
modulus of deformation and UCS, which is helpful to 
evaluate the safety and stability of deep rock engineer-
ing.
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