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Abstract
Size effect is a project that cannot be ignored in rock mechanics. To investigate the size effect on the energy distribution and  
evolution laws, several groups of uniaxial compression tests and single-cycle loading–unloading uniaxial compression tests were 
performed on red sandstone specimens of different sizes (diameters of 25, 37, 50, 75, and 100 mm; a constant length-to-diameter  
ratio of 2.0) using the INSTRON 1346 test system. Experimental results show that mechanical properties are influenced by 
specimen size while failure mode has no significant variation for different diameter specimens. Strain energy parameters 
(input strain energy, elastic strain energy, and dissipated strain energy) under each unloading stress level were calculated 
by integration based on the stress–strain curves. The input strain energy, elastic strain energy, and dissipated strain energy 
nonlinearly increase with actual unloading stress levels, expressed as unified quadratic function relationships. Furthermore, 
the elastic strain energy and dissipated strain energy have linear relationships with the input strain energy. Through analyzing 
coefficients of variation of common parameters, it was found that the energy storage capacity of rock was not sensitive to 
the specimen size, and therefore, the energy storage coefficient could be considered an essential property of rock materials.

Keywords  Size effect · Linear energy storage law · Linear energy dissipation law · Energy evolution characteristics · 
Uniaxial compression test · Red sandstone
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LES	� Linear energy storage
LED	� Linear energy dissipation
UC	� Uniaxial compression
SCLUC	� Single-cycle loading–unloading 

uniaxial compression
ESC 	� Compression energy storage coefficient
EDC	� Compression energy dissipation coefficient

Introduction

Owing to the complex formation conditions and long-term 
geological tectonics, rocks often contain various types of 
microscopic cracks, which directly affect their mechani-
cal properties (Perie and Monteiro 1991; Liu et al. 1998). 
In rock mechanics, the specimen size is a negligible factor 
which may influence micro-defects and the corresponding 
mechanical properties. Meanwhile, rock deformation and 
failure are state instability phenomenon driven by energy, 
whose essential characteristic is energy transformation (Xie 
et al. 2005; Li and Cai 2021; Su et al. 2021). Thus, it is sig-
nificant to investigate the size effect of rocks from an energy 
point of view.

Many experimental studies and numerical simula-
tions have been carried out to investigate the size effect 
on mechanical properties. The peak compressive strength 
decreases with L/D regardless of material types (John 1972; 
Hawkins 1998; You and Zou 2000; Lei et al. 2019), loading 
rates (Liang et al. 2013; Meng et al. 2016), and temperature 
(Su et al. 2015). Meanwhile, several models which reflect 
relationship between the peak strength and diameters were 
proposed, such as an exponential function suggested by Liu 
et al. (1998), the H-B model (Hoek and Brown 1980), and 
MFSL model (Carpinteri et al. 1995). Many experimental 
data were used for validating and modifying these models 
by later researchers (Hawkins 1998; Pells 2004; Darlington 
et al. 2011; Masoumi et al. 2016; Darbor et al. 2019; Rong 
et al. 2018). When the length-to-diameter ratio (L/D) var-
ies from 1 to 3, Thuro et al. (2001) pointed out that the size 
effect on rock damage and elastic modulus is quite remark-
able. Under uniaxial compression (UC) and uniaxial cyclical 
compression tests, Guo et al. (2017) noted that AE counts 
and AE energy decrease with an increase in the L/D ratio. 
Walton (2018) pointed out that crack initiation and damage 
stresses are not related to specimen sizes. Wu et al. (2021) 
conducted UC tests on specimens with a small size (D = 
20~50 mm) and analyzed the reason for size effects through 
CT scanner and 3D profilometer. Li et al. (2021) modified 
the universal equation derived from Song et al. (2018) to 
describe the relationship among the peak strength, specimen 
size, and loading direction. Kasyap and Senetakis (2022) 
observed small-scale size effects through various parameters 
(displacements at peak stress, tangential stiffness, and shear 
band formations) from shearing tests.

In addition to mechanical properties of rocks, energy is 
also an important topic on which researchers focus. Gong 
et al. (2018, 2019) found that the elastic strain energy (ESE) 
and dissipation strain energy (DSE) linearly increase with 
the input strain energy (ISE), which are named linear energy 
storage (LES) law and linear energy dissipation (LED) law, 
respectively. Khoramishad et al. (2014) studied size effects 
on the fracture energy of rocks and modified Bazant’s (1984) 
size effect law based on the fracture process zone. Meng 
et al. (2016) and Liang et al. (2016) pointed out that strain 
energy parameters (ISE, ESE, and DSE) decrease with 
L/D regardless of strain rates and described relationships 
between strain energy parameters and L/D with a power 
function (Meng et al. 2016) and a logarithmic regression 
function (Liang et al. 2016). In unloading rockburst tests, 
Zhao and He (2017) pointed out that fragment kinetic energy 
is not sensitive to sample size when the height-to-thickness 
ratio is less than 3. Zhao et al. (2022) discussed the energy 
storage limit and failure mode of sandstone under different 
L/D. Kasyap et al. (2022) analyzed relationships between the 
energy loss and fracture width and studied the total kinetic 
energy under different fracture distances.

Most investigations concentrated on the size effect from 
the aspect of mechanical properties, but the size effect on 
rock energy characteristics has less well been investigated. 
Furthermore, present research mostly focused on the rela-
tionship between strain energy parameters and L/D, but 
rarely investigated the internal relationships among strain 
energy parameters under different specimen sizes. In addi-
tion, it is generally known that energy storage and dissipa-
tion are inevitable in the process of rock damage and failure. 
Gong et al. (2018) defined the energy storage coefficient 
(ESC) and energy dissipation coefficient (EDC), among 
them, ESC can reflect the storage capacity of ESE during 
loading. The ESE at the peak strength can be accurately 
obtained through ESC, thus improving a series of rockburst 
proneness criteria (Gong et al. 2020, 2021a, 2022). EDC 
can be widely used in proposing a new damage variable and 
establishing a damage constitutive model based on energy 
dissipation (Gong et al. 2021b). Therefore, investigating 
internal relationships among strain energy parameters under 
different specimen sizes and studying the size effect on ESC 
and EDC is of great significance.

In this study, five groups of single-cycle loading–unloading 
uniaxial compression (SCLUC) tests were performed on red 
sandstone using an INSTRON 1346 testing system. The rock 
specimens had the constant L/D = 2/1 and five contrasting 
diameters: 25, 37, 50, 75, and 100 mm. Based on test results, 
relationships among ISE, ESE, and DSE under different speci-
men sizes were clearly presented, and size effects on ESC and 
EDC were analyzed. This study would extend the applicable 
scope of LES and LED laws and enrich energy-based research 
on rock materials.
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Experimental methodology

Specimen preparation

Rock specimens used in this study was red sandstone col-
lected from Wuding County, Yunnan Province, China. The 
rock cores were first sampled from the same intact rock 
block, which had a uniform texture. Then, these cores were 
processed into cylindrical specimens. The L/D of the pre-
pared specimens was 2, and the specimen diameters were 
25, 37, 50, 75, and 100 mm, respectively (see Fig. 1). The 
prepared specimens had integrated and compact textures, 
and there were no visible cracks on their surfaces. The aver-
age density and P-wave velocity of the rock specimens were 
2450 kg/m3 and 3411 m/s, respectively. Specific data are 
presented in Table 1. The specimen identification (ID) was 
organized in the form of “C-D-b,” wherein “C” means the 
compression test, “a” means the specimen diameter (mm), 
and “b” denotes the serial number of specimens in the “D” 
diameter group. Noteworthy, “b = 0” represents that the 
specimens are used to perform UC tests while “b = 1~6” on 
behalf of SCLUC tests with various unloading stress levels.

Test equipment

An electro-hydraulic servo-controlled testing system 
(INSTRON 1346) shown in Fig. 2 was used for the experi-
ment. This test system comprises a control and data collec-
tion system, a loading system, a hydraulic transmission sys-
tem, and a 2.5-mm-displacement extensometer. During the 
compression tests, the maximum axial loading force is 2000 
kN. The strain and stress were obtained through a displace-
ment extensometer and a hydraulic transmission system. An 

extensometer was used to measure the axial deformation of 
specimens. It was noted that two rigid blocks were placed 
between the specimen and equipment indenters to reduce the 
end friction effect. For the purpose of obtaining actual axial 
deformations of specimens, the axial deformation of these 
two rigid blocks was deducted.

Test process

A monotonic UC test and five to six SCLUC tests were per-
formed on specimens of each size group to investigate the 
size effect of red sandstone. For the monotonic UC test, one 
to three rock specimens were tested with a monotonically 
increasing loading until failure to obtain the (average) peak 
strength σc. For SCLUC tests, according to the obtained σc, 
five unloading stresses were preset as kσc (where the preset 
unloading stress level k = 0.1, 0.3, 0.5, 0.7, and 0.9). In 
SCLUC tests, the specimen was first loaded, then unloaded 
once it reached the preset unloading stress, and a second 
loading was applied until it failed. The loading path of the 
SCLUC test is shown in Fig. 3.

The monotonic UC test and SCLUC tests were performed 
for specimens in each size group. Notably, the actual unload-
ing stress level i is the ratio of the unloading stress to the 
actual peak strength under SCLUC tests ( i = k�c∕�

k
c
 ). 

The loading rate of the monotonic UC test was 1 MPa/s; 
for SCLUC tests, in order to prevent specimens from sud-
den failure near the peak point, a force-controlled and then 
displacement-controlled loading mode was used. In spe-
cific, the loading rate of the initial loading and unloading 
processes was 1 MPa/s, and the loading rate of the second 
loading process was 1 MPa/s before 0.8σc, then 0.001 mm/s 
until failure.

Energy calculation method

According to the thermodynamics law, the relationship 
between ISE, ESE, and DSE is as follows (Kidybinski 1981):

where i is the actual unloading stress level ( 0 ≤ i ≤ 1 ), 
Ei
i
, Ei

e
, and Ei

d
 are the ISE, ESE, and DSE at the actual 

unloading stress level i, respectively.
According to the schematic diagram shown in Fig. 4, 

strain energy parameters at the unloading point could be 
determined. ISE is the total input strain energy resulting 
from the work done by external forces and ISE is equal to 
the area between the initial loading curve and the horizontal 
axis (Eq. (2)). ESE could be determined as the area between 
the unloading curve and the horizontal axis (Eq. (3)). DSE 
equals ISE minus ESE (Eq. (4)). The specific equations are 
shown as follows:

(1)Ei
i
= Ei

e
+ Ei

d

Fig. 1   Photograph of the typical prepared specimens of different sizes
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where f (�) and fu(�) are the curvilinear functions of initial 
loading process and the unloading process, respectively. �0 

(2)Ei
i
= ∫

�u

0

f (�) d�

(3)Ei
e
= ∫

�u

�0

fu(�) d�

(4)Ei
d
= Ei

i
− Ei

e
= ∫

�u

0

f (�) d� − ∫
�u

�0

fu(�) d�

is the permanent strain after unloading, and �u is the strain 
at the unloading point.

Results

Mechanical properties of red sandstone 
with different sizes

Stress–strain curves of red sandstone specimens of 
different sizes are shown in Fig.  5. The concavity of 
stress–strain curves slightly decreased with the specimen 

Table 1   Basic parameters of specimens

Sp. ID Diameter (mm) Height (mm) Mass (g) Density (kg/m3) P-wave 
velocity 
(m/s)

Peak strength 
�
c
(MPa)

Peak strain �
p
  Elastic 

modulus 
(GPa)

C-25–0 24.24 50.30 57 2456.81 3153 72.91 0.0092 10.28
C-25–1 24.20 50.30 55 2378.45 3153 73.86 0.0092 9.91
C-25–2 24.17 50.39 56 2423.38 3159 67.89 0.0090 9.33
C-25–3 24.34 50.30 57 2436.67 3183 74.03 0.0093 10.28
C-25–4 24.16 50.33 56 2428.27 3155 73.52 0.0098 9.13
C-25–5 24.23 50.33 57 2457.38 3175 73.76 0.0092 9.77

C-37–0 36.30 74.15 182 2372.89 3162 66.05 0.0075 11.68
C-37–1 36.30 74.28 184 2394.77 3201 69.24 0.0084 11.31
C-37–2 36.30 74.28 184 2394.77 3194 69.39 0.0078 11.75
C-37–3 36.30 74.18 183 2384.96 3129 64.94 0.0082 11.11
C-37–4 36.30 74.12 182 2373.85 3187 62.57 0.0074 11.21
C-37–5 36.30 74.27 184 2472.16 3157 69.59 0.0083 11.63
C-37–6 36.30 74.25 184 2395.73 3186 68.38 0.0085 11.61

C-50–0 49.36 100.46 456 2373.29 3067 50.88 0.0074 9.34
C-50–1 48.94 100.49 464 2455.83 3092 68.97 0.0075 12.72
C-50–2 48.98 100.60 464 2466.41 3173 72.53 0.0074 13.14
C-50–3 48.73 100.25 463 2477.62 3213 71.02 0.0081 12.51
C-50–4 48.97 100.75 465 2451.76 3085 73.34 0.0081 12.46
C-50–5 48.75 100.22 458 2472.16 3156 70.02 0.0086 11.95
C-50–6 48.73 100.43 463 2473.18 3415 63.39 0.0069 13.01

C-75–0 74.45 150.40 1639 2504.56 3169 78.46 0.0088 12.51
C-75–1 75.10 150.30 1644 2470.55 3218 77.92 0.0083 12.70
C-75–2 75.16 150.05 1644 2470.71 3199 78.11 0.0086 12.66
C-75–3 75.01 150.08 1639 2472.57 3203 78.75 0.0084 12.68
C-75–4 75.14 150.10 1638 2462.19 3193 76.29 0.0086 12.32
C-75–5 75.12 149.90 1641 2471.30 3209 76.81 0.0084 12.70

C-100–0 100.02 199.95 3837 2443.58 3349 77.05 0.0080 12.77
C-100–1 99.85 200.54 3837 2444.70 3393 80.87 0.0080 14.06
C-100–2 99.05 199.65 3836 2494.77 3386 81.96 0.0084 13.61
C-100–3 100.65 199.75 3846 2421.17 3365 76.85 0.0083 12.71
C-100–4 99.65 199.95 3843 2465.61 3346 79.12 0.0082 13.06
C-100–5 99.95 199.95 3835 2445.73 3383 79.47 0.0079 13.94
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size; thus, the elastic modulus increased. Stress–strain 
curves dropped steeply when reaching the peak point 
regardless of specimen sizes, exhibiting brittle failure 
characteristic. Specimens of D = 25 mm showed the 
largest peak strain, and the peak strain varied slightly for 
specimens from D = 37 to D = 100 mm. When the diam-
eter of specimens changed from 37 to 100 mm, the peak 
compression strength increased slightly. For specimens 
with a diameter of 25 mm, the peak compression strength 
was at a medium level.

From stress–strain curves of SCLUC tests shown in 
Fig. 5b~f, it was observed that the secondary loading 
curve passed the unloading point. This finding confirms 
that the single-cycle loading and unloading processes have 
no effect on its full UC process. In addition, the unloading 
curves no longer returned to the coordinate origin (0,0), 
indicating that there was a permanent plastic strain after 
unloading and energy dissipation existed during the load-
ing and unloading process.

Failure characteristics of red sandstone 
with different sizes

Figure 6 shows pictures of specimens after failure. The fail-
ure mode of red sandstone was axial splitting failure regard-
less of specimen sizes. In Fig. 6a and c, there was one main 
crack approximately along the loading direction and sev-
eral small cracks appeared near the main crack. In Fig. 6b, 
numerous axial cracks along the loading direction appeared 
in the outer surface of the rock specimen, exhibiting obvious 
splitting failure characteristics. Figure 6d and e exhibited 
multiple failure surfaces and rock fragments were mostly 
in block and flake forms. As specimen sizes increased, the 
number of rock fragments increased. For specimens of small 
diameters in Fig. 6a~c, only a small number of rock frag-
ments fell inside the equipment pressure head. While for 
specimens of larger diameters in Fig. 6d and e, lots of frag-
ments dropped from the rock parent body and fell outside 
the equipment indenter. The remaining rock specimen body 

Fig. 2   INSTRON 1346 test 
system

Fig. 3   Load path of the SCLUC 
test: a stress–time diagram, and 
b stress–strain diagram

(a) (b) Stress-time diagram Stress-strain diagram
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after failure were in the form of two cones. Conical fail-
ure shown in Fig. 6d and e was caused by the “end friction 
effect” that the friction between specimen ends and loading 
plates limited the radial deformation at both specimen ends 
(Wu 2021).

Gong et al. (2018) defined the far-filed ejection mass 
ratio as a semi-quantitative indicator to evaluate rock-
burst proneness. However, the far-field and near-field were 
defined according to standard specimens (D × L = 50 mm 
× 100 mm). Whether this indicator could be used for non-
standard specimens needed further research, because the 
range of near-field would increase with the specimen diam-
eter. Herein, based on the experimental data and failure 
characteristics of standard specimens, red sandstone had a 
far-field ejection mass ratio of 0.13 that a small number of 
blocks were ejected and mostly fell within the equipment 
indenter. Additionally, through applying rockburst prone-
ness criteria suggested in Gong et al. (2018) for quantitative 
analysis, the residual elastic energy was 97.4 kJ/m3. These 
results indicates that red sandstone had a low rockburst 
proneness.

Energy evolution characteristics of red sandstone 
with different sizes

Invoking the energy calculation method in the “Energy cal-
culation method” section, the ISE, ESE, and DSE at differ-
ent i were achieved. When analyzing the energy evolution 
characteristics of red sandstone with i, a coordinate origin 
(0,0) was added to represent the initial state where all strain 
energy parameters could be zero. The ISE, ESE, and DSE 
of specimens with different sizes under different unload-
ing stress levels were shown in Fig. 7. The ISE, ESE, and 

DSE all nonlinearly increased with the i regardless of speci-
men sizes. Relationships between Ei

i
, Ei

e
,Ei

d
 and i were fit-

ted with quadratic functions. Specific fitting equations and 
their coefficients of determination (R2) were also expressed 
in Fig. 7. It was found that there were uniform nonlinear 
relationships between Ei

i
, Ei

e
,Ei

d
 and i in the range of D = 

25 ~ 100 mm with the R2 of 0.9674, 0.9657, and 0.9620, 
respectively. These high R2 values showed that specimen 
size did not have significant impacts on the variation rate 
of strain energy parameters with i. During the deformation 
and failure process of rock, the ISE converted into the ESE 
and DSE. Additionally, the ISE has the fastest increasing 
rate while DSE has the slowest one with i. The specimen 
size would not change this energy conversion mechanism 
that ESE was always larger than DSE, indicating that most 
of the ISE was stored as the ESE and a limited portion was 
dissipated. Through these relationships, strain energy param-
eters at any unloading stress levels with any specimen sizes 
could be obtained.

Linear energy storage and dissipation laws of red 
sandstone with different sizes

For specimens with five different diameters, relationships 
between the ISE and ESE, DSE were shown in Fig. 8. 
During data fitting, the point (0, 0) was artificially added 
for the correction deviation; this coordinate origin cor-
responds to the ideal situation in which both the ESE and 
DSE are 0 when the ISE is 0. Figure 8 shows that ISE has 
good linear correlations with both ESE and DSE regard-
less of specimen sizes, which could be described as the 
LES law and LED law, respectively. The LES and LED 
laws under different specimen sizes could be expressed 
as followed:

where ED
i

 , ED
e

 , and ED
d

 are ISE, ESE, and DSE of speci-
mens of diameter D (mm), respectively, and a and b are 
fitting parameters. “a” and “c” can be defined as com-
pression energy storage coefficient (ESC) and compres-
sion energy dissipation coefficient (EDC), respectively.

For specimens with D = 25, 37, 50, 75, and 100 mm, R2 
of linear fitting functions between the ISE and ESE were 
0.9998, 0.9991, 0.9979, 0.9985, and 0.9998, respectively, 
whereas R2 of the fitting functions between the ISE and DSE 
were 0.9993, 0.9967, 0.9934, 0.9957, and 0.9998, respec-
tively. High fitting levels demonstrate that the LES and LED 
laws exist for specimens of any size, further extending the 
application scope of linear laws.

(5)ED
e
= aED

i
+ b

(6)ED
d
= (1 − a)ED

i
− b = cED

i
− b

Fig. 4   Schematic of the energy calculation method at the actual unload-
ing stress level
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Fig. 5   Stress–strain curves of specimens of different sizes under different unloading stress level: a k = 0, b k = 0.1, c k = 0.3, d k = 0.5, e k = 
0.7, and f k = 0.9
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Through comparing a, b, and c, it was observed that b 
was much smaller than a and c. Therefore, when discussing 
size effect on linear energy storage and dissipation laws, the 
intercept b could be ignored. Thus, the size effect on the 
LES and LED laws could be evaluated through researching 
the ESC and EDC of specimens of different sizes. For speci-
mens of five various diameters, values of ESC were 0.6688, 

0.6487, 0.6439, 0.6306, and 0.6505, respectively, whereas 
values of EDC were 0.3312, 0.3513, 0.3561, 0.3694, and 
0.3494, respectively (see Fig. 9). The difference between the 
maximum ESC (or EDC) and minimum ESC (or EDC) was 
only 0.0382, indicating that ESC and EDC changed slightly 
with the variation of specimen diameters. Consequently, uni-
fied LES and LED laws can be proposed for specimens of 

Fig. 6   Failure characteristics of 
specimens with different sizes: 
a C-25–4, b C-37–1, c C-50–5, 
d C-75–2, and e C-100–2
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D = 25~100 mm (Fig. 10) whose R2 are 0.9981 and 0.9936, 
respectively. ESC and EDC of unified linear laws were 
0.6488 and 0.3512, respectively. Based on the unified LES 
and LED laws, as long as the ISE was calculated through 
integration, accurate ESE and DSE of specimens of any 
diameters could be obtained.

Discussion

Size effect on peak strength of specimens with L/D 
of 2

To investigate the size effect on the peak strength for spec-
imens whose L/D is 2, results in this study and previous 
research were analyzed. Table 2 summarized conclusions 

about the size effect on the uniaxial compressive strength 
in reported literature. Conclusions resulted from different 
literature were different. From the point of view of statis-
tical distribution, rock specimens contained micro-defects 
of different scales, and rock specimens with larger size 
were possible to contain more micro-defect, thus leading 
to lower strength (Çelik 2017). In addition, friction force 
existed between the rigid block and end faces more or less, 
resulting in a lateral binding force near the end face. There-
fore, the peak compressive strength of rocks was negatively 
correlated with length and positively correlated with diam-
eter. The size effect of rock materials on the peak strength 
was caused by a combination of several factors (Yang et al. 
2005), and thus conclusions obtained from different studies 
might vary.

(a) (b)

(c)
Fig. 7   Relationships between the actual unloading stress level i and a ISE, b ESE, and c DSE
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Fig. 8   LES law and LED law of red sandstone with different sizes
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To obtain a general law which describes a relationship 
between the peak strength and diameter, Fig. 11a shows 
the peak strength in this study and previous research 
(i.e., this work and previous studies by Nishimatsu et al. 
1969, Hoskins and Horino 1969, Hawkins 1998, Thuro 
et al. 2001, Pells 2004, Darlington et al. 2011, Masoumi 
et al. 2016, Komurlu 2018, Walton 2018, Faramarzi and 
Rezaee 2018, Rong et al. 2018, and Darbor et al. 2019). 
Due to the reason that the peak strength of various rock 
types was distinctly different, data were scattered and accu-
rate law was hardly to be observed. Therefore, the peak 
strength was normalized according to the approach pro-
posed by Hoek and Brown (1980). In Fig. 11b, normalized 
strength equaled peak strength value divided by the peak 
strength of 50-mm diameter specimen. The formula can be 
shown as follows:

where �cn is normalized peak strength of specimens and �D
c

 
is the peak strength of “D” diameter specimens.

Notably, some studies did not include results of D = 
50-mm specimens and �50

c
 would be replaced by the peak 

strength of specimens whose diameter was close to 50 mm. 
Figure 11b reveals that the peak strength increases at first 
and then decreases slightly with specimen diameters. Speci-
mens whose diameter was ranged from 40 to 60 mm usu-
ally had the largest peak strength. Because of the dispersion 
among peak strength of rock samples, the result in this study 
was not fully consistent to this general law. Therefore, this 
conclusion just reflects the general law for the size effect 
on peak strength, and additional analysis is also needed for 
specific types of rock.

Size‑independent effect on ESC

In the “Linear energy storage and dissipation laws of red 
sandstone with different sizes” section, it was found that 
ESC and EDC were not sensitive to specimen sizes by com-
paring ESC and EDC of specimens of different diameters. 
However, whether ESC could be considered as an essential 
property measuring the energy storage capacity of rocks, 
the variation degree of each parameter under different sizes 
needed to be compared. As we all known, the P-wave veloc-
ity and density were inherent properties whose values were 
only relevant to rock types, internal components, and struc-
ture. On the contrary, mechanical properties such as the peak 
strength, peak strain, and elastic modulus varied with exter-
nal loading conditions (e.g., loading rates). In this paper, 
the coefficient of variation (CoV) was used to evaluate the 
variation degree of each parameter at different size. The CoV 
can be defined as follows:

where β represents the standard deviation and � denotes the 
average value.

CoV values of ESC and other five common parameters 
were shown in Fig. 12. CoV values of density, ESC, P-wave 
velocity, peak strain, elastic modulus, and peak strength 
were 1.30%, 1.89%, 2.37%, 7.7%, 11.33%, and 12.21%, 
respectively. CoV of the ESC was smaller than that of 
mechanical properties (peak strain, elastic modulus, and 
peak strength). Meanwhile, CoV of the ESC was among 
the range of CoV values of inherent properties (density and 
P-wave velocity). Hence, ESC reflecting the energy storage 
capacity of rocks could be considered as an essential prop-
erty, which did not vary with external loading conditions.

(7)�cn =
�D
c

�50
c

(8)CoV =
�

�
× 100%

20 30 40 50 60 70 80 90 100 110
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0
 Energy storage coefficient
 Energy dissipation coefficient

En
er

gy
 c

oe
ffi

ci
en

t 

Diamater (mm)

(0.6488)

(0.3512)

Fig. 9   The ESC and EDC of different specimen sizes

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14 Elastic strain energy

 C-25

 C-37

 C-50

 C-75

 C-100

S
tr

ai
n

 e
n

er
g

y
 (

m
J/

m
m

3
)

Input strain energy (mJ/mm3)

Dissipated strain energy

 C-25

 C-37

 C-50

 C-75

 C-100

(0,0)

Ee=0.6488Ei+0.0004

R2=0.9981

Ed=0.3512Ei-0.0004

R2=0.9936

Fig. 10   Unified LES law and unified LED law of specimens with dif-
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Table 2   Summary of the size effect on the peak strength

where σc is the peak strength, D is the diameter of specimens, and the length-to-diameter ratio (L/D) of all specimens shown above is 2:1

Specimen type D(mm) Conclusions References

Saajome Andesite 24–70 σc increased first and decrease subsequently with the increasing D Nishimatsu et al. (1969)
Longmont sandstone 25–100 σc increased first and keep constant subsequently with the increasing D Hoskins and Horino (1969)
Hollington Sdst

12.5–150 σc increased first and decrease subsequently with the increasing D. σc had 
the maximum value when D = 38 mm or 54 mm

Hawkins (1998)

Burrington Oolite
Bath Stone
Pennant Sdst
Purbeck Lst
Clifton Down Lst
Pilton Sdst
Granite 51–112

There was no obvious law between D and σc Thuro et al. (2001)Limestone 45–79
Hawkesbury sandstone 18–144 σc slightly increased with the increasing D Pells (2004)
Concrete mortar 63.5–150 σc decreased with the increasing D Darlington et al. (2011)
Sandstone 19–146 σc increased first and then slightly decreased and converged to a constant 

value with the increasing D
Masoumi et al. (2016)

Akarsen ore

32–52 σc decreased with the increasing D Komurlu (2018)Siltstone
Tuff
Limestone
Concrete 56–94 σc slightly increased with the increasing D Darbor et al. (2019)
Granite 43–75 σc decreased with the increasing D Walton (2018)
Concrete 56–94 σc increased first and decrease subsequently with the increasing D Faramarzi and Rezaee (2018)
Fine-grained marble 25–100 σc decreased with the increasing D Rong et al. (2018)
Concrete 56–94 σcslightly increased with the D Darbor et al. (2019)
Red sandstone 25–100 σc increased for specimens with D = 37–100 mm This study
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 Faramarzi and Rezaee, 2018 Concrete  Rong et al., 2018  Sanjome andesite  Darbor et al., 2019 Concrrete

Fig. 11   Relationships between specimen diameter and: a peak strength 
and b normalized strength (data from this study and Nishimatsu et al. 
1969, Hoskins and Horino  1969, Hawkins 1998, Thuro et  al. 2001, 

Pells 2004, Darlington et  al. 2011, Masoumi  et al. 2016, Komurlu 
2018, Walton 2018, Faramarzi and Rezaee 2018, and Rong et al. 2018, 
Darbor et al. 2019)
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Conclusions

In this study, several groups of UC and SCLUC tests were 
performed on red sandstone specimens of constant L/D and 
five different diameters using INSTRON 1346 test system. 
According to experimental results, effects of specimen size 
on mechanical properties and failure modes were analyzed. 
Furthermore, size effects on energy distribution and evolu-
tion laws of red sandstone were investigated. The relevant 
conclusions are as follows:

1.	 When specimen diameters increased, the concavity of 
stress–strain curves slightly decreased and the elastic 
modulus increased. Peak strength increased when D 
increased from 37 to 100 mm. Peak strain of specimens 
of D = 25 mm was obviously larger than that of other 
diameters.

2.	 The failure mode of red sandstone specimens of various 
diameters was axial splitting failure. The rock failure 
degree and amounts of rock fragments increased with 
specimen size. According to analytical results of stand-
ard specimens (D × L = 50 mm × 100 mm), red sand-
stone had a low rockburst proneness.

3.	 The input strain energy (ISE), elastic strain energy 
(ESE), and dissipation strain energy (DSE) nonlinearly 
increased with the actual unloading stress level. Uni-
fied nonlinear relationships were obtained for speci-
mens whose diameter was from 25 to 100 mm. When 
the actual unloading stress level increased, ISE had the 
largest growth rate and DSE had the smallest one.

4.	 The ESE and DSE linearly increased with the ISE 
regardless of specimen sizes, i.e., the linear energy stor-
age and dissipation laws also existed for specimens with 

non-standard sizes. The energy storage coefficient and 
energy dissipation coefficient were not dependent on 
specimen sizes. Furthermore, the energy storage coef-
ficient was an essential property of rock materials which 
reflected the energy storage capacity of rock materials.
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