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Abstract
Transparent physical models of real rocks fabricated using three-dimensional (3D) printing technology are used in photoelas-
tic experiments to quantify the evolution of the internal stress and deformation fields of rocks. Therefore, they are rendered 
as an emerging powerful technique to quantitatively reveal the intrinsic mechanisms of rock failure. The mechanical behav-
ior of natural rocks exhibits a significant size effect; however, limited research has been conducted on whether transparent 
physical models observe similar size effects. In this study, to make the transparent printed models accurately demonstrate 
the mechanical behavior of natural rocks and reveal the internal mechanism of the size effect in rock mechanical behavior, 
the size effect in 3D printed models of fractured and porous rocks under uniaxial compressive loading was investigated. 
Transparent cylindrical models with different sizes that contained different fractured and porous structures were printed 
using the fracture and porous characteristics extracted from natural coal and sandstone. The variation in uniaxial compres-
sive strength and elastic modulus of fractured and porous models for increasing model sizes were obtained through uniaxial 
compression experiments. Finally, the influence of internal discontinuous structural features, such as fractures and pores, 
on the size effect pertaining to the mechanical behavior of the model was analyzed and elaborated by comparing it with the 
mechanical properties of the continuous homogeneous model without fractures and pores. The findings provided support 
and reference to analyze the size effect of rock mechanical behavior and the effect of the internal discontinuous structure 
using 3D printed transparent models.
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1  Introduction

Surface subsidence, gas blow-out, rockburst, water inrush, 
and other disasters in production and development opera-
tions considerably restrict the safe and efficient development 
of underground mineral resources and damage the environ-
ment (Sun et al. 2021; Zhang et al. 2020). It is essential 
to scientifically understand and accurately describe the 

triggering mechanism and control factors of the aforemen-
tioned engineering disasters for ensuring the green, low-
carbon, and safe operation of mineral resources (Liu et al. 
2021). However, natural rocks show significant discontinui-
ties due to geological tectonic movements, corrosion, and 
unloading. The discontinuous structure of the rock causes its 
mechanical behavior changes with observational scales (i.e., 
the mechanical behavior of the rock shows a size effect). 
Numerous researchers have developed various experimental 
studies using natural rock samples to accurately characterize 
the intrinsic mechanism of the size effect of rock mechanical 
behavior. Based on various studies, the uniaxial compres-
sive strength (UCS) of many rocks, including coal, granite, 
slate, and marble, were found to decrease for increasing rock 
sample size (Bieniawski 1968; Li et al. 2021; Rong et al. 
2018; Song et al. 2018). Based on this phenomenon, many 
researchers established the rock size effect law using frac-
ture mechanics, damage mechanics, and multiple fractals 
to determine a reasonable representative volume element 
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(RVE) for rock samples in engineering calculation and 
design, and used the mechanical response of RVE-scale rock 
samples to analyze and predict the deformation damage of 
rocks at engineering scales (Carpinteri et al. 1995; Darbor 
et al. 2018; Ma et al. 2021; Shirole et al. 2020). Nevertheless, 
other studies have found the opposite phenomenon of size 
effect in rocks. For example, the UCS of rocks with large 
porosity, such as Hawkesbury sandstone and dissolved tuff, 
increases as the sample diameter increases (Pells 2004; Yuki 
et al. 1995). The sandstone and granite show a progression 
(increasing and then decreasing) of the UCS as the speci-
men size increases (Hawkins 1998; Masoumi et al. 2016; 
Quiñones et al. 2017; Zhai et al. 2020). Uniaxial compres-
sion experiments conducted by Thuro found no significant 
size effects on the UCS and elastic modulus of limestone 
and granite (Thuro et al. 2001). The aforementioned studies 
show that the internal discontinuous structure of rocks is a 
key factor affecting the size effect of rock mechanical behav-
ior. However, there is still a lack of a deep understanding and 
accurate description of the internal discontinuous structure 
and its influence on rock mechanical behavior. Thus, it is 
difficult to scientifically capture and accurately predict the 
different size effect laws of rock mechanical behavior.

Recently, to explore the effect of internal discontinu-
ous structures on mechanical behaviors, three-dimensional 
(3D) printing technology has created advantageous condi-
tions for the preparation of complex structural models of 
rocks (Ju et al. 2019, 2017; Kong et al. 2018; Sharafisafa 
et al. 2018; Song et al. 2021; Xia et al. 2021). 3D printed 
models of rocks overcome the traditional problems that 
exist in the study of rock size effects, including difficult 
sampling, expensive, large differences in the internal struc-
ture of rocks, poor generalization of experimental results, 
and inaccessibility for comparison (Fereshtenejad and Song 
2021; Ibrahim et al. 2021; Jiang and Zhao 2014). At present, 
various 3D printing technologies are widely used to prepare 
3D-printed rock samples (Borrello et al. 2018; Espalin et al. 
2014; Rajpurohit and Dave 2018), such as fused deposition 
modeling, stereolithography, and selective laser sintering. In 
particular, the application of light-sensitive resins, polylactic 
acid, and gypsum has opened up completely new avenues for 
studying the physical and mechanical properties of natural 
rocks with printed models (Ju et al. 2021; Yan et al. 2020). 
Numerous researchers have used 3D printing technology 
to prepare physical models that possess the same structure 
as natural rocks and investigated the differences between 
the physical and mechanical behaviors of these models 
and natural rocks (Gao et al. 2020; Kong et al. 2021, 2018; 
Mostaghimi et al. 2017; Schlüter et al. 2014; Zhou and Zhu 
2017). Current rock 3D printing research focuses on the 
observation of the basic mechanical properties in the size 
range of representative samples (i.e., the mechanical proper-
ties at the RVE scale), and studies on the size effect of the 

mechanical behavior of rock printed models and the RVE 
characteristic scale are limited. It is unclear whether rock 3D 
printed models exhibit a similar size effect as natural rocks. 
The effect of internal discontinuous structural features on the 
size effect of mechanical behavior and the RVE characteris-
tic scale of printed models must be investigated.

To solve these problems and enable transparent printed 
models to accurately capture the mechanical behavior of 
natural rocks and reveal the intrinsic mechanism of the 
dimensional effect of rock mechanical behavior, this study 
used computed tomography (CT) imaging, 3D digital recon-
struction, and 3D printing technology to print and prepare 
transparent cylindrical models of coal and sandstone with 
different sizes, containing different fractured and porous 
structures based on the fractured and porous structure infor-
mation extracted from natural coal and sandstone. Moreo-
ver, uniaxial compression experiments using the cylindrical 
model were conducted to obtain the variation in UCS and 
elastic modulus of the fractured and porous model with the 
model size. Finally, the mechanical behavior of the model 
was compared with that of a homogeneous model without 
fractures and pores to demonstrate the size effects of internal 
discontinuous structures such as fractures and pores on the 
mechanical behavior. This study can serve as a reference for 
accurately understanding and quantitatively analyzing the 
size effect of the mechanical behavior of rocks.

2 � Printed models and methods

2.1 � Digital reconstruction of natural rocks

In this study, natural coal and sandstone containing a con-
siderable amount of discontinuous structure were selected 
as rock samples, as shown in Figs. 1 and 2, respectively. 
Figure 1 shows a natural coal sample, containing well-
developed cracks, obtained 700 m below the surface of the 
Shanjiaoshu coal mine in Guizhou Province, China. Figure 2 
shows a naturally formed muddy coarse sandstone, acquired 
1300 m below the surface in Ludong, Shandong Province, 
China, containing well-distributed pores. The natural core 
samples were cylindrical with a diameter of 25 mm and 
a height of 50 mm. Figures 1b–e and 2b–e show the con-
struction process of digital models for coal and sandstone, 
respectively. To accurately identify and analyze the internal 
microstructure of the rocks, a microfocus X-ray CT scanning 
system was used to scan the entire cylinder at intervals of 10, 
obtaining rock CT scan images with an image resolution of 
50 μm. To quantify and compare the effects of the internal 
discontinuities on the mechanical properties of the rocks 
and satisfy the accuracy requirements of the 3D-printing 
fabrication of the rock models, we selected a local part of 
well-developed fractures and pores that adequately represent 
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the internal structural characteristics of rocks to construct 
the RVE models shown in Figs. 1, 2, 3. The primary con-
sideration of this strategy includes that it is impractical to 
get natural rock samples with similar internal discontinuities 
but various sizes. This facilitates comparing the mechanical 
properties of the rock models with similar discontinuities 
but various sizes. Moreover, it is technically difficult and 
economically expensive to get large-size real rock cores for 
testing the size effect of rock mechanical behavior. Using 
the RVE models generated from local representative dis-
continuities and their amplified samples can resolve this 
problem. Figures 1b–c and 2b–c show the CT images of 
the cross-section of the coal and sandstone samples and the 
extracted local structure. Then, the independently devel-
oped image processing and recognition program (Ju et al. 
2013) was used to binarize the local structure images to 

form binarized images of the fractured and porous struc-
ture within this cross-section, as shown in Figs. 1d and 2d, 
where the black part indicates the matrix of the rock sample 
and the white parts represent fractures and pores. Similarly, 
identical image processing and recognition methods were 
applied to the CT scan images of the local structures of each 
layer of the coal and sandstone samples to obtain the bina-
rized images of the local structures of each layer. Finally, 
the Mimics® software (Ju et al. 2019) was applied to recon-
struct all the local structure binarized images of each layer 
in 3D along the z-direction to obtain digital reconstruction 
models with the discontinuous structure of coal and sand-
stone, as shown in Figs. 1e and 2e. Furthermore, a smooth 
shell with a thickness of 1.0–1.5 mm was designed for the 
numerical model to fabricate a physical model with a discon-
tinuous structure of coal and sandstone. It further maintains 

Fig. 1   Construction of digital fractured coal model. a Natural coal sample; b–d Extraction of discontinuous cracks in coal; e Digital model

Fig. 2   Construction of digital porous sandstone model. a Natural sandstone sample; b–d Extraction of discontinuous pores in sandstone; e Digi-
tal model

Fig. 3   Construction of digital Berea sandstone model with amplified pores. a–c Extraction of discontinuous pores in sandstone; d Digital model



	 H. Wu et al.

1 3

   83   Page 4 of 12

the integrity of the model, and effectively bears the exter-
nal load. Figures 1e and 2e show the 3D digital models of 
the fractured and porous structures that were constructed 
based on the microscopic information of the natural coal 
and sandstone. In addition, we selected CT scan images of 
the Berea sandstone provided by Imperial College London 
(Ju et al. 2019) and used a similar processing method to 
construct a set of numerical models with amplified pores to 
investigate the effect of different discontinuous structures 
on the size effect of the rock mechanical behavior, as shown 
in Figs. 3a–d. The influence of internal discontinuous pore 
structure features on the size effect of the model was stud-
ied by comparing the experimental results of the natural 
(Fig. 2e) and amplified (Fig. 3d) porous models.

2.2 � Printed models of natural rocks

According to the theory of fracture mechanics (Bažant 1984 
and 1997), for natural rocks, with increasing size, the mor-
phological features and the distribution characteristics of 
the internal discontinuous structures change, which result 
in the size effect of rocks. In this study, to reveal the effect 
of the single factor, i.e., the scale of internal discontinuous 
structure, on the macroscopic mechanical behavior of the 
model, we only changed the ratio of specimen dimension 
to explore if the specimen will still exhibit size effect as the 
morphology of the internal discontinuous structure is same. 
Therefore, we designed a set of RVE models with equiva-
lent scaling to ensure that the morphological features and 
distribution patterns of the discontinuities were similar for 
the RVE models of different sizes. We tested whether the 

rock RVE models still exhibited size effects under identical 
morphological features. The 3D transparent physical mod-
els were prepared using a STRATASYS J750 3D printer. 
The 3D printer uses PolyJet technology to print layer by 
layer longitudinally with a thickness of up to 14 μm and the 
printing accuracy can reach 20–85 μm. The matrix part of 
the model was prepared by VeroClear RGD 810, which is 
a photosensitive material with high-stress photosensitivity 
and can simulate the hard and brittle properties of rocks 
(Song et al. 2021; Zhou and Zhu 2017). The structure of the 
model fractures and pores was replaced by the grid support 
material Fullcure705, which is a water-soluble material with 
a sparse structure and near-zero tensile and shear strength. 
Table 1 lists the basic mechanical parameters of the printed 
materials. The test details can be found in our previous stud-
ies (Ju et al. 2017, 2014). To minimize the effect of UV 
irradiation on the strength of different size models when 
they are cured, the models were printed in multiple batches, 
and only those with the same structure and the same size 
were printed in each batch. Considering that the deposi-
tion direction during the formation of natural rocks and the 
coring direction of natural rocks are parallel to the Z-axis 
(Wang et al. 2017), all models were printed layer by layer 
in the z-direction to avoid the impact of stack directions 
(see Fig. 4). Finally, four cylindrical models were printed 
(Fig. 5): homogeneous model (without discontinuous struc-
ture inside model), fractured model, porous model, and 
amplified porous model. The porosities of the porous model 
and amplified porous model were 21.7% and 4.6%, respec-
tively. The four types of cylindrical models were scaled 
equivalently to compare and examine the size effect on the 
mechanical behavior of the models. The diameter × height 
of the specimens was 12.5 mm × 25 mm, 25 mm × 50 mm, 
37.5 mm × 75 mm, and 50 mm × 100 mm. To obtain accu-
rate experimental results, three identical specimens of each 
size model were printed for repeated testing. Simultane-
ously, three sizes of homogeneous models with diameters of 
12.5, 25, and 50 mm were tested for a comparative analysis 
in this study due to the stable and regular mechanical prop-
erties of the homogeneous models that serve as a compari-
son (Foster et al. 2019; Prajzler et al. 2017; Rimington et al. 

Table 1   Mechanical parameters of the printing material at room tem-
perature (Ju et al. 2020)

Materials Uniaxial ten-
sile strength 
ft (MPa)

Uniaxial 
compression 
strength fc 
(MPa)

Elastic 
modulus E 
(GPa)

Poisson’s 
ratio

Veroclear 
RGD 810

38.1 81.6 3.1 0.38

Fig. 4   Diagramatic representation of the printing process, showing the print direction and print batch. a Model height = 25  mm; b Model 
height = 50 mm
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2018). Finally, the models were maintained under dry con-
ditions at room temperature (23 °C) for five days after print-
ing to ensure that the printed models were completely cured 
to reach a stable state before conducting the experiments.

2.3 � Experimental setup

The uniaxial compression experiments of the homoge-
neous, fractured, porous, and amplified porous models 
were carried out using the EHF-EG200KN full-digital 

hydraulic servo testing system. For an extensive compari-
son, using the ASTM D695 test standard, a strain rate of 
0.5%/min was adopted. The quasi-static compression test 
was conducted at 23 °C for different sizes of specimens to 
compare the similarity of the experimental results from 
existing literature. The model was coated with petroleum 
jelly to eliminate the effect of frictional restraint between 
the loading end plate and the end of the model under pres-
sure on the experimental result.

Fig. 5   Printed specimens of various sizes. a Homogeneous model; b Fractured model with real cleavages; c Porous model with real pores and d 
Porous model with amplified pores

Fig. 6   Failure modes of different printed models. a Homogeneous model; b Fractured model with real cleavages; c Porous model with real 
pores; d Amplified porous model
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3 � Results and discussions

This study summarizes and compares the mechanical behav-
iors, such as stress–strain response and failure modes of dif-
ferent models, and analyzes the influence laws of different 
discontinuous structures on the size effect of mechanical 
behaviors of printed models. The failure modes of the homo-
geneous, fractured, porous, and amplified porous models 
with different sizes are shown in Fig. 6. Figure 7 shows the 
compressive stress–strain curves of the homogeneous, frac-
tured, porous, and amplified porous models with different 
sizes. The measured results of UCS and elastic modulus of 
the model with various sizes are summarized in Table 2. 
Figure 8 presents a comparison of the variation in UCS 
and elastic modulus with specimen size for different types 
of models. Finally, Fig. 9 shows the variation in UCS and 
modulus of elasticity with increasing model size for different 
types of models using the size model with a diameter of 12. 
5 mm as a benchmark for comparison.

The results illustrate that the homogeneous model of dif-
ferent sizes exhibited plastic deformation characteristics 
and suffered large longitudinal compression and transverse 
expansion deformation under the action of axial compres-
sion, because the model exhibited no internal discontinu-
ous structure and the Veroclear possessed high strength and 
strong plastic deformation capacity, as shown in Figs. 6a 

and 7a. The UCS of the homogeneous model increased 
slightly for increasing model sizes, in which the UCS and 
elastic modulus of the model with a diameter of 50 mm only 
increased by approximately 7.86% and 7.84%, respectively, 
compared with the corresponding values of the model with 
a diameter of 12.5 mm. In addition, the stress–strain curves 
were close to each other and did not exhibit the size effect, 
which agrees with the size effect on the uniaxial compres-
sive properties of dense homogeneous granite and limestone 
(Thuro et al. 2001); in other words, the uniaxial compressive 
performance of the model with uniform material and without 
discontinuous structure exerted no significant size effect in 
the range of RVE scales.

It was observed that the fractured models exhibited 
shear-brittle failure characteristics. The smaller size sam-
ples exhibited more evident plastic failure characters, which 
were accompanied by shear surfaces. The larger size samples 
showed more evident brittle splitting failure characters, and 
the failure mode was increasingly complex. The abruptness 
of the failure increased, along with the brittle characteris-
tics, as shown in Figs. 6b and 7b. Evident differences were 
observed in the stress–strain curves of specimens of dif-
ferent sizes; at the beginning of loading, the stress–strain 
response of the model with a diameter of 12.5 mm remained 
in a nonlinear deformation phase; the initial cracks were 
compacted and closed without cracking extension, and the 

Fig. 7   Stress–strain curves of the printed models with and without internal discontinuous structures. a Homogeneous model; b Fractured model 
with real cleavages; c Porous model with real pores; d Amplified porous model
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model showed a highly apparent post-peak descent section 
when destroyed. Meanwhile, the UCS and peak strain of 
the model decreased as the size increased, and the non-
linear deformation phenomenon disappeared. In addition, 
the initial internal fracture appeared to crack initially and 
expand. Therefore, the stress–strain response curve of the 
model showed an increasingly apparent elastic-brittle dam-
age mode, in which the model with a diameter of 50 mm was 
damaged in the elastic section. The elastic modulus of the 
fractured model did not change significantly as the model 

size increased, and the maximum difference was approxi-
mately 9%, as shown in Table 2 and Figs. 7b, 8b, and 9. 
Compared with the homogeneous model, the overall UCS 
of the fractured model decreased, as shown in Table 2 and 
Figs. 7b and 8a, which agrees with the conclusion that high-
level defects during rock deformation failure play a decisive 
role in the mechanical properties of the model, as proposed 
by Feng (Feng and Zhao 2008).

Under the influence of pore size and distribution loca-
tion, the porous model showed typical plastic failure 

Table 2   Measured uniaxial 
compressive strength (UCS) 
and elastic modulus (E) of the 
3D printed models with various 
scales

Printed models Diameter (mm) UCS (MPa) Average (MPa) E (GPa) Average (GPa)

Homogeneous model 12.5 73.88
73.82
73.49

73.73 2.55
2.49
2.60

2.55

25 76.45
76.02
/

76.24 2.75
2.76
/

2.75

50 79.05
80.00
79.54

79.53 2.68
2.85
2.71

2.75

Fractured model 12.5 65.92
67.31
68.87

67.37 1.94
2.05
2.04

2.01

25 65.07
65.32
64.67

65.02 2.19
2.22
2.15

2.19

37.5 61.38
62.22
60.35

61.32 2.16
2.10
2.13

2.13

50 56.11
56.74
54.82

55.89 2.05
2.05
2.01

2.04

Porous model 12.5 /
15.15
15.25

15.2 0.59
0.63
0.66

0.63

25 24.10
23.94
23.00

23.68 0.88
0.86
0.84

0.85

37.5 25.21
24.69
24.38

24.76 1.08
1.00
0.96

0.99

50 25.67
25.9
25.71

25.76 1.05
1.02
1.05

1.04

Amplified porous model 12.5 62.46
62.12
61.11

61.9 1.93
1.93
1.87

1.94

25 65.49
66.31
66.60

66.13 1.99
2.00
1.99

2.00

37.5 68.14
67.83
68.27

68.08 1.83
1.83
1.85

1.84

50 70.05
69.29
69.70

69.68 1.91
1.91
1.93

1.92
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characteristics, and the plastic deformation failure charac-
teristics gradually weakened as the model size increased. 
Furthermore, affected by local pores, the large-size model 
experienced sudden local failure and exhibited certain brittle 
failure characteristics, as shown in Figs. 6c and 7c. There 
were apparent size effects in the stress–strain curves of dif-
ferent sized models. First, at the initial stage of loading, the 
stress–strain responses of different size models showed an 
up-concave nonlinear deformation phase (i.e., the compact-
ing phase, in which some micro-pores were compacted and 
closed without cracking). In the elastic phase, there was a 
significant difference in the slope of the stress–strain curves 
of the models of different sizes. Then, in the plastic stage, 
the models of different sizes showed stress plateau behavior, 
and the stress only decreased in a step-like pattern after the 
models produced large axial deformation. The appearance of 
the stress plateau was due to the plastic collapse of the pore 
wall inside the model at this stage after reaching a certain 

plastic moment under load. The longitudinal strain contin-
ued to increase, and the stress showed a plateau behavior. As 
the size of the model increased, the peak strain decreased, 
peak strength increased, stress plateau decreased, and the 
post-peak stress–strain response gradually showed a brittle 
failure mode. The UCS and elastic modulus of the porous 
model gradually increased as the model size increased. 
Meanwhile, the smaller the internal pore size, the smaller the 
UCS, the larger the peak strain of the model, and the more 
significant the shaping characteristics of the stress–strain 
response, as shown in Table 2 and Figs. 7c, 8b, and 9. The 
overall compressive strength of the porous model was sub-
stantially decreased compared to the homogeneous and frac-
tured models, as shown in Table 2 and Figs. 7c and 8a. The 
same results were observed in uniaxial compression experi-
ments on natural highly porous sandstones (Fakhimi and 
Alavi 2011; Pells 2004).

Fig. 8   Comparison of uniaxial compression mechanical properties of four types of printed models at varied scale sizes. a UCS and b Elastic 
modulus

Fig. 9   Experimental results of the model with a diameter of 12.5 mm were used as a reference to quantify the size effect of the model with dif-
ferent internal structures. a UCS and b Elastic modulus
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The amplified porous model showed certain plastic defor-
mation failure characteristics. The models of different sizes 
experienced collapse damage at the local pore volume loca-
tion due to its distribution location and the influence of the 
local pore volume being amplified. However, the overall 
failure did not appear significantly, as shown in Figs. 6d 
and 7d. The stress–strain curves of the models with differ-
ent sizes showed observable differences, however with no 
significant difference in the elastic modulus. As the model 
size increased, the UCS gradually increased and the peak 
strain decreased; the stress–strain response tended to experi-
ence brittle failure mode. The smaller the internal pore size, 
the smaller the V and the larger the peak strain. Moreo-
ver, the more significant the plastic characteristics of the 
stress–strain response, the closer to the response characteris-
tics of the homogeneous model without discontinuous struc-
ture, as shown in Table 2 and Figs. 7d, 8b, and 9. Compared 
with the porous model, the overall compressive strength of 
the amplified porous model was substantially higher, how-
ever lower than that of the homogeneous model, as shown 
in Fig. 7d and Table 2.

The above experimental results indicate that the defor-
mation failure mode, stress–strain response characteristics, 
UCS, peak strain, and the elastic modulus of homogeneous, 
fractured, porous, and amplified pore structures exhibited 
different size effect patterns as the model size increased, 
reflecting the mechanism of different influences of internal 
discontinuous structures on the size effect of the mechanical 
behavior of the printed model.

4 � RVE scales for the size effects of various 
models

The results indicate that the 3D printed models of the rocks 
showed a similar size effect phenomenon to natural rocks. 
The variation pattern of the size effect was closely related to 
the discontinuous structure inside the model. It is necessary 
to determine the RVE characteristic scale of the size effect of 
the printed model and to develop a prediction model of the 
size effect of the printed model to quantify the physical and 
mechanical properties of natural rocks with discontinuous 
structures using the printed model. By combining the experi-
mental results of this study, the widely used size effect model 
of natural rocks was adopted to characterize the size effect of 
the printed model and to determine the characteristic scale of 
the RVE of the printed model. From the perspective of the 
effects of particles inside the rock on the size effect, Hoek 
and Brown (1980) developed a model for calculating the 
strength size effect based on the strength of a cylinder with a 
diameter of 50 mm (Hoek and Brown 1980). Yoshinaka et al. 

(2008) validated the size effect model proposed by Hoek and 
Brown (1980) and modified the calculation model by consid-
ering the influence of rock type and the degree of weathering 
on the size effect (Yoshinaka et al. 2008). Based on fracture 
energy theory, Bažant (1984) assumed that the size effect of 
rock was caused by strain energy dissipation during macro-
scopic crack extension and proposed the size effect law (SEL, 
see Eq. (1)). Thereafter, Bažant (1997) proposed the fractal 
fracture size effect law (FFSEL, see Eq. (2)) based on the 
energy dissipation model of fractal cracks during extension 
(Borodich 1992; Mosolov and Borodich 1992).

where σ0 is strength for a sample with a negligible size that 
may be expressed in terms of intrinsic strength, df is the 
fractal dimension, σN is nominal strength, ft is strength for 
a sample with the negligible size that may be expressed in 
terms of intrinsic strength, d0 is maximum aggregate size, B 
and λ are dimensionless material constants, and d is the size 
of the specimen. Equations (1) and (2) explain and predict 
the SEL of rocks, which have been recognized by many rock 
mechanics practitioners.

The FFSEL model analyzed the endogenous mechanism 
of size effect for rocks based on fracture energy, which 
can be used for the analysis of the size effect and failure 
characteristics of elastic-brittle materials (e.g., rocks) and 
elastic–plastic materials (e.g., metals), together with the 
quantitative characterization and the prediction of the size 
effect of different structural models with the assistance of 
fractal theory. Consequently, in this study, FFSEL matches 
the experimental model and results. We quantitatively pre-
dicted the mechanical parameters of the fractured, porous, 
and amplified porous models using the FFSEL model and 
searched for a reasonable RVE characteristic size of the dis-
continuously printed rock model.

(1)�N =
Bft

√

1 +
(

d∕�d0
)

,

(2)�N =
�0 ⋅ d

(df−1)∕2

√

1 +
(

d∕�d0
)

,

Table 3   The obtained parameters required in the FFSEL model for 
different printed samples

FFSEL parameters σ0 (MPa) df λd0 (mm)

Fractured model 76.5 1.66 2.18
Porous model 76.5 2.22 0.047
Amplified porous model 76.5 2.14 0.467
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Table 3 lists the obtained parameters required for the 
FFSEL models for different printed samples, where σ0 was 
set to 76.5 MPa, same with the strength of the homoge-
neous sample, according to the experimental results. Fig-
ure 10 shows the fitting results of the FFSEL models using 
the experimental data. The experimental data of all RVE 
models were fitted using the FFSEL model to determine 
the parameters required in the FFSEL model. The FFSEL 
prediction results and the experimental data were in good 
agreement, indicating that the printed RVE sample has a 
size effect consistent with the prototype rock. The size effect 
behavior of the discontinuous model was closely related 
to its internal discontinuous structure. Moreover, the size 
effect emerged from strain energy dissipation during the 
macroscopic crack expansion in the FFSEL model. There 
was no initial crack in the homogeneous model (i.e., the 
crack lengths are 0), and the failure mode showed plastic 
deformation characteristics without crack expansion. There-
fore, there was no size effect in the UCS of the homogene-
ous model.

The fractal dimension df for the printed fractured, porous, 
and amplified porous specimens used in the FFSEL model 
were determined to be 1.66, 2.22, and 2.14, respectively. 
Meanwhile, experimental results showed that the three 
printed models failed by shear-brittle failure, plastic failure, 
and certain plastic deformation, respectively. Therefore, the 
main reason for the difference in the size effect between the 
fractured and porous models was as follows: the fractal char-
acteristics of the fractured and porous models were signifi-
cantly different due to the discontinuous structures, causing 
variations in the trend of energy dissipation rate during the 
failure of different structural models and eventually resulting 
in different strength size effects.

In short, there were differences in the RVE size of the 
porous and fractured models, and the effect law of the RVE 
size on the mechanical properties of the model must be con-
sidered in the relevant experiments.

5 � Conclusions

In this study, the size effect of compressive strength and 
elastic modulus of transparent 3D-printed rock models 
under uniaxial compression was quantitatively analyzed 
and compared with the size effect of homogeneous models 
without any internal structure. In addition, we investigated 
the effect of the internal pore and the fracture structure of 
rocks on the size effect of transparent physical models of 
rocks. The main conclusions of this study are as follows:

(1)	 Transparent porous and fractured models that were 
consistent with the internal discontinuous structure of 
natural rocks, prepared through CT scanning and 3D 
printing techniques, could effectively resolve the size 
effect of the mechanical behavior of natural rocks.

(2)	 The deformation failure modes, stress–strain response 
characteristics, UCS, peak strain, and elastic modulus 
of the homogeneous, fractured, porous, and amplified 
porous structures exhibited different size effect patterns 
as the model size increased, which revealed the mecha-
nisms with varying influences of the internal discon-
tinuous structure on the size effect pertaining to the 
mechanical behavior of the printed model.

(3)	 Based on FFSEL, the mechanical behavior of the trans-
parently printed model showed similar dimensional 
effects to natural rocks caused by strain energy dissipa-
tion during macroscopic crack expansion. In addition, 
the fractal characteristics of the discontinuous structure 
contributed to different experimental results.

Finally, we found that 3D printing could be used for 
fabricating small-sized discontinuous structures. However, 
owing to the lack of sufficient stiffness of the matrix mate-
rial (E.g., Veroclear), the internal structure of the printed 
model under a loading state was compacted and showed a 
typical elastic–plastic state. Therefore, to avoid the stress 

Fig. 10   FFSEL prediction results using the UCS data of the printed rock models. a Fractured model; b Porous model; c Amplified porous model
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plateau phenomenon, rock printing model preparation 
must be considered from the size of the internal discon-
tinuous structure.
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