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results show that (a) unlike high-strength rocks, CPB 
exhibits a critical strain-rate phenomenon, and when 
the strain-rate exceeds the critical value, the strength 
of CPB decreases with an increasing strain–rate. (b) 
As the strain-rate increases, the energy accumulated 
within the specimen cannot be effectively released, 
and the energy tends to accumulate in one part of the 
specimen. (c) The damage evolution curves of CPB 
at different strain-rate are all “S”-shaped and can be 
divided into phases of slow-growth damage, dam-
age stabilization and accelerated growth, and damage 
growth rate slowdown. This study illustrates the dam-
age evolution process of CPB under loading, which 
can be used in the study of CPB damage behavior 
resulting from orebody retrieval.

Keywords  Cemented paste backfill · Crack 
evolution · Damage characteristics · Strain-rate · 
Digital image correlation

1  Introduction

CPB are usually prepared by mixing tailings, cement, 
and water at a specific ratio (Qi and Fourie 2019; 
Argane et al. 2015), and their strength and mechani-
cal properties are influenced by particle gradation and 
proportioning along with slurry concentration, type 
of cementing agent, age of maintenance, and com-
position of the material (Chen et al. 2017; Liu et al. 
2020a; Zhao et  al. 2020a; Carabba et  al. 2019; Qi 

Abstract  Because the damage to cemented paste 
backfill (CPB) caused by orebody retrieval can be 
approximated as a loading process under differ-
ent strain-rates, studying the sprouting and expan-
sion patterns of microcracks in CPB under uniaxial 
compression to predict and evaluate fracture dam-
age to CPB is essential. In this study, uniaxial com-
pression tests, simultaneous acoustic emission, and 
digital image correlation monitoring tests of CPB 
under four strain-rates were conducted in a labora-
tory. Based on the principles of energy dissipation 
and damage mechanics, the energy consumption 
values of the CPB at different strain-rates were cal-
culated, and the energy damage evolution process of 
the CPB damaged by compression was explored. The 
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et  al. 2018a; Sun et  al. 2019). In recent years, min-
ing scholars have conducted many studies on the 
strength and mechanical properties of CPB (Zhao 
et  al. 2022; Fu et  al. 2020; Zhang et  al. 2020; He 
et  al. 2021; Zhou et  al. 2020, 2021; Das and Leung 
2019). Felekoğlu et  al. 2009 investigated the effects 
of fiber type and matrix structure on the mechanical 
properties of self-compacting microconcrete compos-
ites, and Liu et al. 2020b investigated the mechanical, 
hydration, microstructural, and electrical properties 
of CPB and derived key factors for the strength of 
CPB. Xu et  al. 2013) obtained microscopic patterns 
of colloidal rock formation of ultrafine whole tail-
ings sand materials under different conditions using 
X-ray diffraction (XRD) energy spectrum analy-
sis and electron microscopy scanning methods. Cao 
et al. 2020 investigated the internal cracking mecha-
nism and strength behavior of cement-fiber-tailings 
matrix composites using industrial CT and found that 
the damage to the specimens was mainly in the form 
of tensile, shear, and mixed tensile/shear damage 
with high strength values and large crack volumes. 
Xue et  al. 2019a, 2019b investigated the mechani-
cal, flexural, and microstructural properties of CPB. 
Dzaye et al. 2020 monitored the early acoustic emis-
sion (AE) of cement and fly ash slurries and found 
that the high sensitivity of AE made it possible to 
record elastic waves within the cementitious material 
and to detect even low-intensity activity. The results 
of the aforementioned studies reveal that the current 
research on the strength of CPB has mainly focused 
on cementitious materials and the composition of tail-
ings materials. Few reports have been conducted on 
the effects of strain-rate changes on the crack evolu-
tion patterns and damage characteristics of CPB.

The results of numerous studies have shown that 
changes in the strain-rate can have significant effects 
on the mechanical properties of materials (Rosenthal 
et  al. 2017; Mahanta et  al. 2017; Cao et  al. 2019; 
Zhao et  al. 2020b; Gilat et  al. 2007; Comley and 
Fleck 2012; Lee et al. 2012; Xia et al. 2015). Thom-
son et al. 2017 investigated the effect of the strain-rate 
on the fracture angle of inter-fiber failure (IFF) using 
a new effective Puck criterion and showed that the 
ability to predict the direction of the fracture face was 
improved at high strain-rates. Zhu et  al. 2015 con-
ducted dynamic Brazilian tests on rocks at medium 
strain-rates and showed that the dynamic indirect 
tensile strength of rocks increased with increasing 

strain-rate. Stoddart et  al. 2013 investigated a 
strain-rate based model of member connections and 
observed that strain-rate corrections to the model of 
jointed members could accurately model strain-rate 
induced hardening, and the reduction in damage rota-
tion occurred in joints under dynamic conditions. The 
above studies demonstrate that strain–rate has a sig-
nificant effect on the mechanical properties of mate-
rials. However, these studies have mainly focused on 
high-strength materials, such as rocks and metallic 
components, while few studies have been conducted 
on CPBs with lower strengths.

The main cause of deformation of CPB in mining 
production practice derives from unloading. In other 
words, the CPB changes from a stable three-way 
stress state to a state in which they lose their bind-
ing in a certain direction, and the deformation of the 
CPB increases further after unloading, where the 
characteristics are equivalent to loading under labo-
ratory conditions. Therefore, the strain-rate studied 
in indoor tests can be reflected as the unloading rate 
(such as the orebody recovery rate) under field con-
ditions. With a stage empty field followed by a fill-
ing mining method taken as examples, the orebody 
is divided into an ore house and ore pillar, in which 
the ore house is filled after back mining. The one-
step CPB can be considered a cemented ore pillar, 
and the back-mining works of the two-step pillar are 
completed under the support of a one-step CPB. The 
one-step CPB creates effective operating conditions 
for the two-step pillar back-mining works (Zhao et al. 
2021). The stress state of the CPB at the one-step 
mining site can be approximated as a three-way stress 
state, and the CPB is in an unloaded state when the 
adjacent two-step orebody is retrieved. Therefore, the 
damage to the CPB caused by the two-step orebody 
retrieval can be approximated as a loading process 
at different strain-rates (Zhao et  al. 2021; Hou et  al. 
2020; Li et al. 2016). A reasonable strain-rate is first 
determined through indoor tests, and then the corre-
sponding orebody recovery rate is converted to pro-
vide guidance for safe underground production.

This study reveals the intrinsic relationship 
between energy dissipation and strain and damage to 
CPB at different strain-rates by conducting uniaxial 
compression tests on CPB under different strain-rates. 
The deformation and damage law of CPB under dif-
ferent strain-rates is elaborated from an energy point 
of view, and the energy damage evolution process 
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of the compression damage to the CPB is revealed. 
The results of this study can provide a reference for 
exploring the damage mechanisms of CPB and ensur-
ing safe production.

2 � Experimental Design and Equipment

2.1 � Experimental Materials

The materials used for the tests were whole tailings 
sand from a metal mine in Henan, China, compos-
ite silicate cement of P. C32.5, and tap water. After 
the whole tailings sand was dried, the particle size 
distribution of the tailings sand was determined by 
using a laser particle size analyzer. The data meas-
ured by the tests could then be analyzed to obtain 

the cumulative distribution of tailings sand particle 
size as d10 = 0.43 μm, d30 = 1.28 μm, d50 = 3.15 μm, 
and d60 = 4.03  μm. The inhomogeneity coefficient 
of the tailings sand was Cu = 9.37, and the curva-
ture coefficient was Cc = 0.95, showing that the test 
tailings sand was poorly graded. The results of the 
tailings sand particle size tests are shown in Fig. 1a. 
Figure  1b shows the XRD pattern of the tailings 
sand in this mine. Figure 1b shows that the miner-
als were mainly composed of quartz, calcite, and 
diopside, with other small amounts of gypsum and 
mica. The surface microarea morphologies of the 
CPB specimens were examined using an MLA650F 
field-emission scanning electron microscope (FEI, 
USA). The following parameters are assumed: the 
resolution is 30 nm, and the maximum acceleration 
voltage is 20 kV, as shown in Fig. 1c.

(a) (b)

(c) (d)

0 10 20 30 40 50 60 70 80 90 100
0

20

40

60

80

100

A
cc

um
ul

at
ed

 d
is

tri
bu

tio
n(

%
)

Particle size (µm)
0 20 40 60 80 100

0

2

4

6

8

10

12 Q—Quartz
P—Sulfur Ore
C—Calcite
D—Diopside
B—Biotite
A—Albite

DQ
AA Q C

D

BCS CP

A

In
te

ns
ity

(1
03 )

Angle(°)

Q

Fig. 1   Testing the mineral composition of CPB: a particle size distribution of tailings sand, b mineral composition of tailings, c 
fracture morphology characteristics of CPB specimens, d some CPB specimens
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2.2 � Specimen Production

The specimens were made in accordance with the 
requirements of the official version of JGJ 55–2011, 
“Ordinary Concrete Proportioning Design Regula-
tions” (JGJ 55–2011 2011). A cylindrical mold with 
a diameter of 50 mm and height of 100 mm was used 
to fabricate the specimens. First, mine tailings sand, 
silicate cement, and tap water were prepared at a 
cement tailings ratio of 1:8 and mass fraction of 68%. 
Then, the material was mixed well and spoonfuls of 
filling slurry were poured into the cylindrical mold 
quickly and evenly according to the sequence. Finally, 
the surface of the test mold was smoothed follow-
ing the initial setting of the slurry, and the mold was 
demolded after 24 h. To be more in line with actual 
engineering scenarios, the specimens were naturally 
maintained, and each specimen was weighed after the 
maintenance age reached 14 d. This was followed by 
uniaxial compression tests. Some specimens prepared 
for the tests are shown in Fig. 1d.

2.3 � Test Methods and Equipment

2.3.1 � Uniaxial Compressive Strength Test

The pressure machine equipment for the uniaxial 
compression tests of CPB was an MTS microcom-
puter-controlled electronic universal testing machine. 
The maximum output force of the MTS is 50 kN, and 
the accuracy and error of its test system are feasible 
in the uniaxial compressive strength test of CPB. 
Test loading was conducted under the displacement 
control mode, and the strain-rate of this test was 
divided into four gradients: 2 × 10–5 s−1, 4 × 10–5 s−1, 
8 × 10–5  s−1, and 10 × 10–5  s−1. Four specimens were 
tested under each strain-rate, and the specimens with 
deviations of 20% or more were rejected. Additional 
specimens were tested, and the data of the most repre-
sentative specimen were taken as the test data.

2.3.2 � AE Test System

The AE equipment used for the tests was a Micro-
II Express Digital AE System (Express-8 AE SYS-
TEM). The parameters of the AE test system are 
listed in Table 1.

2.3.3 � DIC Test System

Digital image correlation (DIC) is an optical meas-
urement method based on non-contact images. 
Digital imaging equipment was first used to acquire 
scatter images of objects under different loads, 
where a correlation-based matching algorithm was 
then used for image analysis to extract information 
quantitatively on the full-field displacement and 
strain response of the structure (Golewski 2019; 
Reu et  al. 2018; Dai et  al. 2019) for full-field dis-
placement and deformation measurements. DIC 
is widely used in the study of fracture processes 
in materials such as rock specimens because of its 
advantages of being non-contact, providing real-
time dynamic measurements, and offering high-res-
olution imaging (Rokoš et al. 2018; Lacidogna et al. 
2020; Yashar et al. 2017; Roux-Langlois et al. 2015; 
Kourkoulis et  al. 2017; Pierron et  al. 2011). The 
DIC test system used in the experiment mainly con-
sists of a Canon EOS 700D camera with an image 
resolution of 18 megapixels, two sets of white LED 
light sources, a computer, and 2D-DIC analysis 
software. To maintain the camera shooting direction 
and ensure that the model surface remains perpen-
dicular, the first level of the camera tripod must be 
used. The camera viewfinder electronic level is then 
used to maintain the camera level. The laser pointer 
is then mounted on the camera body, the glass mir-
ror temporarily attached to the surface of the model 
is aligned, and the tripod is fine-tuned until the inci-
dent and reflected light coincide with each other. 
The camera is controlled by an infrared remote con-
trol for shooting, thus avoiding camera vibrations 
caused by manual operation. Two sets of LED light 
sources provide uniform and bright illumination of 
the model surface. Prior to the test, the camera was 
turned on to warm up for 20–30 min to ensure that 
it reached a thermally stable state to avoid distortion 

Table 1   Parameters of AE test system

Sampling 
frequency

Wave-
form 
thresh-
old

Pream-
plifier 
gain

Interval 
param-
eter

Sampling 
points

Trigger 
mode

1024 kHz 35 DB 40 DB 50 µs 1024 kHz Internal 
trig-
ger
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of the acquisition map normally resulting from 
camera heat.

3 � Analysis and Test Results

3.1 � Peak Strength Characteristics of CPB

Figure 2 shows the stress–strain curves of CPB under 
uniaxial compression at various strain-rates. The 
stress–strain curves presented show that the uniaxial 
compression damage process of the CPB under dif-
ferent strain-rates mainly went through the compres-
sion-density, linear-elastic, yielding, and damage 
stages. However, the strain-rates were different, and 
the stress–strain curves of the CPB showed some 
variability.

The effects of the strain-rate on the linear elastic 
deformation phase of the stress–strain curve of the 
CPB were significant. When the strain-rate was in the 
range of 2 × 10–5  s−1 to 8 × 10–5  s−1, the linear elas-
tic deformation of the CPB extended to higher levels 
as the strain-rate increased, and the peak stress also 
increased. When the strain-rate was in the range of 
8 × 10–5 s−1 to 10 × 10–5 s−1, the extension level of the 
linear elastic deformation phase of the CPB tended 
to decrease as the strain-rate increased, and the peak 
stress was then reduced. From the peak stress varia-
tion law, it is clear that a critical strain-rate phenom-
enon occurs in low-strength CPB.

Figure  2 shows that the compressive strength of 
the CPB specimens tended to first increase and then 

decrease with an increase in the strain-rate, where 
the critical value of the strain-rate corresponding to 
the turning point of the strength change is called the 
critical strain-rate. A critical strain-rate of approxi-
mately 8 × 10–5 s−1 was observed for CPB specimens 
with a mass fraction of 68% and cement-tailings 
ratio of 1:8. When the strain-rate was lower or higher 
than 8 × 10–5  s−1, the strength of the CPB speci-
mens increased or decreased, respectively, with an 
increase in the strain-rate. The strain-rate increased 
from 2 × 10–5 s−1 to 8 × 10–5 s−1, and the compressive 
strength of the CPB specimens increased from 0.441 
to 0.837  MPa with a 90% increase in strength. The 
strain-rate increased from 8 × 10–5 s−1 to 10 × 10–5 s−1, 
which resulted in a 22% reduction in compressive 
strength compared with the maximum value. The 
CT ratio formulated in this test was 1:8, and the CPB 
with a mass fraction of 68% exhibited a critical strain-
rate phenomenon, indicating the existence of a criti-
cal strain-rate characteristic of low-strength CPB.

The mechanism of the effect of the strain-rate on 
the mechanical properties of CPB could be attributed 
to the following two factors.

(1)	 The preparation process of the CPB and the 
hardening process of water seepage, dry shrink-
age, and heat of hydration of cement tended to 
cause initial defects such as air bubbles, holes, 
microcracks, and microporosity inside the CPB. 
This could thus be described in terms of fine 
defects within the CPB.

①	 The preparation process of the CPB and the hard-
ening process of water seepage, dry shrinkage, 
and heat of hydration of cement tended to cause 
initial defects such as air bubbles, holes, micro-
cracks, and microporosity inside the CPB. This 
could thus be described in terms of fine defects 
within the CPB.

②	 When the strain-rate was at a low level, the ini-
tial defects within the CPB had sufficient time 
to develop and evolve, thus resulting in a lower 
strength of the CPB. As the strain-rate increased, 
the initial defect development within the CPB 
was limited, and the degree of damage to the CPB 
decreased, thus increasing the CPB strength. This 
phenomenon was consistent with the variation 
patterns of hard and brittle rocks.
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Fig. 2   Stress–strain curves of CPB under different strain-rates
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③	 When the strain-rate exceeded the critical strain-
rate, the stress concentration level at the defect 
continued to increase with additional increases in 
the strain-rate. This caused internal cracks of the 
CPB to extend, and thus, the CPB strength gradu-
ally decreased.

(2)	 From an energy point of view, the uniaxial com-
pression damage of the CPB at different strain-
rates was essentially the result of the combined 
effect of energy dissipation and energy release 
(Hou et al. 2020). Differences in the mechanical 
properties of CPB could therefore be accounted 
for from an energy perspective.

①	 When the strain-rate was in the critical strain-
rate range, the total input energy increased as 
the strain-rate increased. This part of the energy 
was used to limit the development of microcracks 
inside the CPB, allowing the linear elastic defor-
mation phase to extend to a higher level, thereby 
increasing the load-bearing capacity of the CPB.

②	 When the strain-rate was greater than the critical 
strain-rate, the input energy continued to increase 
with the strain-rate, and the crack development 
time for the CPB was further reduced. At this 
time, most of the energy was stored in the solid 
load-bearing structure in the form of elastic strain 
energy. However, for the lower-strength CPB, 
the solid load-bearing structure tended to be the 
first to breakdown because of the higher internal 
elastic strain energy, which resulted in the reduc-
tion of the effective load-bearing area and in turn 
reduction of the load-bearing capacity of the 
CPB.

3.2 � Fracture Mechanism and Crack Evolution Law of 
CPB Under Different Strain‑rates

3.2.1 � Strain Field Evolution Law of CPB at Different 
Strain‑rates

In previous studies (Hagara et  al. 2012; Featherston 
2012; Crammond et  al. 2013), a DIC method was 
used to observe the uniaxial compression damage 
process of CPB specimens at different strain-rates. 

The evolution of the global deformation field on the 
specimen surface during the rupture process was 
observed using DIC to summarize the crack initiation, 
extension, and penetration patterns of the CPB under 
different strain-rates from a qualitative perspective. 
The crack strain field evolution during the rupture of 
a specimen could be qualitatively described, and its 
fracture type could be visually determined. Breaking 
through the limitations of the traditional empirical-
based judgment of fracture types existing in CPB, this 
study thus helps to improve the understanding of the 
damage mechanisms of CPB.

Figure 3 shows strain field diagrams of CPB under 
different strain-rates. Because the DIC method can 
accurately record the strain and displacement of 
a specimen during the entire loading process, it is 
expected that the DIC method can explain the damage 
process of the specimen. Of the recorded test results, 
the strain test results of the specimen could reflect the 
location of the stress concentration in the specimen. 
Similarly, the development of the strain concentration 
could reflect the development process of cracks. The 
DIC strain test results at different strain-rates showed 
that the overall strain of each specimen was nonuni-
form and that an obvious strain concentration area 
existed, and this strain concentration area changed 
continuously with the loading process.

DIC analysis software was used in this study to 
analyze the scatter patterns collected during the 
tests and to reproduce the entire process of crack 
generation and expansion on the surface of the CPB 
specimens during test loading. The evolution of the 
strain field during damage to the CPB specimens bet-
ter reflects the law of pore and crack expansion into 
macroscopic damage inside the specimens. The DIC 
observations reflect the shifting of the strain concen-
tration zone during the loading process. The genera-
tion, extension, and evolution of cracks on the surface 
of the CPB specimens at different strain rates were 
also significantly different. Damage to the surfaces of 
the specimens at low strain rates tended to be in the 
form of tensile damage, with significant single-bevel 
shear damage occurring at high stress rates. Simul-
taneously, under strain-rate loading, the specimens 
were instantaneously released from the stress concen-
tration when the peak strength was reached, and the 
rupture destabilization phenomenon was dramatic.

The red arrows in Fig. 3 indicate the transfer direc-
tion of the strain concentration. Experimental results 
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revealed that the damage processes of CPB were dif-
ferent under different strain rates. Under a low strain 
rate (2 × 10–5  s−1), the microcracks in the specimen 
could be fully extended during the loading process. 
The specimen had sufficient time for stress redistri-
bution, and the accumulated energy could be fully 

released. As the loading process continued, the speci-
men fractured along the primary crack and formed 
secondary cracks around the primary crack. When the 
strain rate increased to 4 × 10–5  s−1 and 8 × 10–5  s−1, 
the strain concentration zone of each specimen gradu-
ally developed from the specimen top to the bottom. 

Loading process
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Fig. 3   Strain field distribution of CPB at different strain-rates a 2 × 10−5 s−1; b 4 × 10−5 s−1; c 8 × 10−5 s−1; d 10 × 10−5 s−1
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With a continuing increase in the strain rate, microc-
racks within the specimen could continue to develop. 
The development of microcracks was multidirec-
tional and not unique. As the strain rate increased, the 
energy accumulated inside the specimen could not be 
released effectively, and the energy tended to accu-
mulate in a certain part of the specimen (8 × 10–5 s−1, 
10 × 10–5  s−1: accumulation at the top of the speci-
men). In addition, the uniaxial compressive strength 
of the specimen was reduced because a higher strain 
rate caused a rapid release of considerable energy.

3.3 � Energy and Energy Consumption Characteristics 
of CPB at Different Strain‑rates

As CPB is a nonhomogeneous material, its mechani-
cal properties show anisotropy and nonlinearity, and 
the deformation and damage processes are extremely 
complex and uncertain (Chen et  al. 2018; Koupouli 
and Belem 2019; Cheng et al. 2019; Qi et al. 2018b; 
Yilmaz et  al. 2013; Benzaazoua et  al. 2004; Cihan-
gir et al. 2015). Therefore, the strain-rate state as the 
basis for the strength of CPB may differ somewhat 
from the actual deformation damage law, where the 
strain-rate usually exhibits diversity and its strength 
is discrete. From thermodynamic theory, it can be 
concluded that energy absorption, transformation, 
and release occur with the external environment dur-
ing deformation and damage to the CPB, and the final 
destabilization damage represents an energy-driven 
performance. Therefore, a study of the mechani-
cal characteristics and essential features of the 

deformation and damage to the CPB from an energy 
perspective is beneficial to reflect the damage law of 
the CPB in a more realistic manner.

3.3.1 � Calculation of Energy During Loading

3.3.1.1  Energy Conversion Analysis  As a nonhomo-
geneous individual, the CPB material has a variety of 
deformation modes during the process of loading, and 
energy conversion is conducted with the outside world 
using different energy forms. This energy conversion 
process is shown in Fig. 4.

The energy conversion process of the CPB system 
can be divided into four main parts: energy input, 
energy accumulation, energy dissipation, and energy 
release.

3.3.1.2  Calculation of  the  Loading Process 
Energy  Consider a unit volume of a specimen 
deformed by an external force, where the physical 
process is assumed to have no heat exchange with 
the outside world; in other words, a closed system. 
Then, according to the first law of thermodynamics, 
we obtain

where U is the total energy input to the unit from 
external forces, Ud is the unit dissipation energy, Ue is 
the releasable elastic strain energy stored in the unit, 
and the U, Ud, and Ue units are measured in J/m3.

(1)U = Ud + Ue

Fig. 4   Energy conversion 
of CPB with elastic strain 
energy (ESE), plastic strain 
energy (PSE), and damage 
energy (DE)
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The strain-rate curve of the CPB unit is shown in 
Fig. 5. Here, Ud

i
 denotes the energy consumed before 

the peak, the shaded area Ue
i
 represents the strain 

energy stored in the specimen, and Ei is the unloaded 
modulus of elasticity.

The total input energy (U) resulting from the work 
done by the external force on the CPB can be con-
sidered the actual energy absorbed by the specimen 
(U0). In this study, the energy calculation process was 
performed using a uniaxial compression formula. 
The energy absorbed by the specimen (U) could be 
obtained from the expression for each energy index in 
the principal stress space as given by Xie et al. 2005 
and expressed as

where �i and �i are the stress and strain values, respec-
tively, at any point on the axial stress–strain curve.

From (2), the total energy absorbed by the speci-
men (U) is the area of the stress–strain curve of the 
specimen down to the area of the transverse coordi-
nate during the loading process. The released elastic 
strain energy (Ue) can be calculated using the elastic 
modulus E of the elastic section of the stress–strain 
curve instead of the unloaded elastic modulus Ei 
(Gong et  al. 2022). The stress value at any point of 
the curve and the elastic modulus of the elastic seg-
ment can be used to calculate the releasable elastic 
strain energy at that point, that is.

(2)U = ∫ �1d�1 =

n
∑

i=0

1

2

(

�i+1 + �i

)(

�i+1 − �i

)

where Ue
i
 and �

i
 are the releasable strain energy and 

stress values at any point, respectively.

3.3.2 � Strain‑rate Effect on the Energy Evolution 
of CPB

The stress–strain curve characteristics determine 
how the compression, linear elastic, yielding, and 
failure stages are divided. In the entire deformation 
damage process, the energy evolution of the four 
stages has obviously different characteristics, which 
are described as follows: (1) Compression stage, in 
which the releasable elastic strain energy and dissi-
pated strain energy accumulate simultaneously; (2) 
Linear elastic phase, in which the releasable elas-
tic strain energy accumulates continuously, whereas 
the dissipative energy hardly increases; (3) Yielding 
stage, in which the increase in releasable elastic strain 
energy slows down, and energy dissipation is faster; 
(4) Failure phase, in which the elastic strain energy 
is released drastically, and the energy is drastically 
dissipated. However, the trend of energy evolution 
within the four stages does not change for differ-
ent strain rates, which we analyze quantitatively as 
follows.

Figure  6 presents graphs for the total absorbed 
energy, released elastic strain energy, and dissipa-
tion energy and shows the stress–strain relationships 
of specimens for CPB at different strain rates. Fig-
ure 6 shows that the total energy tended to decrease 
and then increase with an increase in the strain rate. 
When the strain rate was in the range of 2 × 10–5 s−1 
to 8 × 10–5  s−1, the total energy increased from 
4548.75 to 5752.13  J/m3, a decrease of 26.46%. 
When the strain rate was in the range of 8 × 10–5 s−1 
to 10 × 10–5  s−1, the total energy was reduced from 
5752.13 to 4937.80 J/m3, a reduction of 14.16%. As 
the strain rate increased, the released elastic strain 
energy and dissipated energy before and after the 
peak, respectively, showed the same trend as the total 
energy, both first increasing and then decreasing.

The previous results reveal that the total energy, 
released elastic strain energy, and dissipation energy 
showed an overall increasing trend with increasing 
strain rate. The main reason for this was that as the 
strain rate increased, the far-field crack (which was 

(3)Ue
i
=

�2
i

2E

Fig. 5   Quantitative relationship between energy dissipation in 
unit volume and releasable dissipated energy
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produced when the specimen was damaged) gradually 
increased, and the specimen generated a main crack 
that was gradually parallel to the direction of the axial 
force. The surface energy required for crack develop-
ment in turn gradually increased (Lei et al. 2020).

Based on the aforementioned energy dissipation 
principle, the energy values can be calculated for the 
CPB at different stages of the uniaxial compression 

stress–strain curve. The uniaxial compression energy 
values for the CPB at different strain rates are listed 
in Table 2.

Table  2 shows that when the strain rate of the 
CPB was 2 × 10–5 s−1, the strain energy at which the 
peak stress was reached was 1064.9 J/m3. When the 
strain rate was increased to 4 × 10–5 s−1, 8 × 10–5 s−1, 
and 10 × 10–5 s−1, the strain energy required for the 

(a)

(d)(c)

(b)

Fig. 6   Curve of energy evolution process of CPB

Table 2   Energy values of CPB under different strain-rates

Specimen 
number

Strain-rate s−1 (V) Lg (V) Pre-peak energy 
consumption

Post-peak energy 
consumption

Strain energy at 
peak stress

Total energy 
consumption

H-1 2 × 10–5 − 4.7 643.3 3159.5 1064.9 3803.1
E-3 4 × 10–5 − 4.4 880.1 3903.8 1830.4 4783.9
F-4 8 × 10–5 − 4.1 938.8 3961 2119.0 4899.8
E-2 10 × 10–5 − 4 901.6 3786.7 1849.9 4688.3
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CPB specimens to reach the peak stress was 1830.4, 
2119.0, and 1849.9 J/m3, respectively. As the strain 
rate increased, the strain energy required to reach 
the peak stress in the CPB tended to increase and 
then decrease. Within the critical strain-rate range, 
a positive correlation was found between the strain 
rate and strain energy at the peak stress, and beyond 
the critical strain-rate range, there was a negative 
correlation. When the strain rate increased from 
2 × 10–5  s−1 to 10 × 10–5  s−1, the proportion of pre-
peak energy to total energy consumption of the CPB 
was 16.92%, 18.40%, 19.16%, and 19.23%. This 
indicated that during uniaxial compression dam-
age, with an increase in the strain rate, most of the 
energy was consumed in the postpeak rupture phase 
of the CPB, which intensified the postpeak damage 
deformation of the CPB.

In this test, the amount of prepeak energy con-
sumption of the CPB tended to increase and then 
decrease with the strain rate, and the amount of pre-
peak energy consumption increased with the strain 
rate in the critical strain rate range, indicating that 
an increasing amount of energy was consumed in the 
prepeak deformation phase of the CPB, improving 
the yield strength of the CPB. When the strain rate 
was greater than the critical strain rate value, the solid 
load-bearing structure was the first to break due to the 
higher internal strain energy as the total input energy 
increased. This resulted in lower energy consump-
tion. Combining the experimental data in Table  2, 
the statistical regression analysis showed that the pre-
peak energy consumption, postpeak energy consump-
tion, strain energy at the peak stress, and total energy 
consumption of the CPB followed a quadratic func-
tion Y = AX2 + BX + C growth pattern with the loga-
rithm of strain rate, where X is the logarithm of strain 
rate, A, B, and C are all test coefficients, and Y is the 
energy consumption value and strain energy. Figure 7 
presents a curve showing the relationship between the 
energy consumption value and logarithm of the strain 
rate for the CPB.

Figure  8 shows that the energy consumption of 
the CPB tended to increase with an increase in axial 
strain. The energy consumption values of the CPB 
were basically similar to the axial compression strain 
relationship curves at different strain rates, and the 
main difference was that the energy consumption 
required to achieve the same axial deformation was 
significantly different in value.

Combined with the fitting results in Fig. 8, it can be 
seen that the growth of the energy consumption value 
of the CPB with respect to the axial strain generally fol-
lowed the growth pattern of the logistic model 
( (Y = a + (b − a)∕

[

1 +
(

x

c

)p]

) ), where the parameters 
a, b, c, and p depend on the strain rate and other influ-
encing factors, and x is the axial strain. The correlation 
coefficients of the model fits were all above 0.98, indi-
cating a good overall fit (Hou et al. 2020).

3.4 � Exploration of the Energy Damage Evolution 
Process for the Destruction of CPB

As previously mentioned, significant differences were 
observed in the energy consumption values of the CPB 
at different strain rates, whereas the yield damage and 
damage to the CPB were essentially the result of energy 
dissipation. Therefore, this study further investigated 
the damage mechanism of CPB under different strain 
rates and explored the connection between the energy 
dissipation characteristics and damage evolution of 
CPB. Explanations follow the damage intrinsic law of 
materials based on the principle of energy balance and 
the fundamental law of irreversible thermodynamics. 
When the process of damage to a specimen as the trans-
formation of the structural phase into the damage phase 
is considered, additional work done by the external 
force due to the transformation of the structural phase 
in the specimen into the damage phase is defined as the 
damage dissipation energy, and this parameter is intro-
duced into the energy balance equation of the speci-
men. Through analysis of the energy transformation 
of typical unitary bodies, the damage intrinsic model 
based on the energy method can be calculated, and a 
method to determine the damage dissipation energy is 
then provided. According to Zhou et al. (2014) regard-
ing the damage dissipation energy model of geotech-
nical materials, the energy balance equation of the 
structural phase of the cementitious material specimen 
proposed in this study can be expressed as

where Ω is the damage dissipation energy of the 
specimen, �n is the stress in the structural phase, 
An is the area of the structural phase, and d�n is the 
microstrain that occurs in the structural phase when 
the damaged phase extends the microarea dAd . In any 

(4)ΩdAd =
1

2
An�nd�n
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cross-section, the damage variable is considered to be 
the ratio of the damage phase area ( Ad ) to the total 
cross-sectional area A as D = Ad

/

A . Therefore,

When both ends of (5) are integrated and then the 
exponential transformation (considering the damage 
threshold) is performed, the expression for the dam-
age variable can be determined by

where � is the damage threshold strain, taken as 0.4 
�c , and �c is the corresponding strain at the peak 
stress.

(5)dD =
1

2Ω
(1 − D)�nd�n

(6)D =

{

0 𝜀 ≤ 𝛾

1 − exp
[

−
1

2Ω
∫ 𝜎nd𝜀n

]

𝜀 > 𝛾

For the integral calculation, the relationship of 
�n−�n can be derived using polynomial, exponential, 
rational fractional, and other models. In this study, the 
SIR model recommended in Griffiths et al. (2000) was 
used for the derivation. The SIR model can reflect the 
dynamic evolution of the internal structure and its own 
properties of the system with different components 
under the action of external forces. It can also simulate 
the damage and destruction process of concrete materi-
als, giving the model the advantages of being smooth 
and continuous and having high fitting. This can be 
expressed as

where x = �
/

�c denotes the ratio of strain to peak 
strain, y = �

/

�c denotes the ratio of stress to peak 

(7)y = c
(

ebx − eax
)

(a)

(c) (d)

(b)

Fig. 7   Strain-rate effect curve of dissipated energy of CPB
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stress, �c is the peak stress, and a, b, and c are mate-
rial-related constants.

Substituting (7) into (6) in the uniaxial compres-
sion state, the mechanical instantiation equation 
based on the SIR model with damage parameters can 
be obtained, as shown by the following equation:

where a
/

�c , b
/

�c , and c�c are constants and can be 
defined as a1, b1, and c1, respectively. With the con-
stitutive equation substituted into the boundary con-
ditions, the damage dissipation energy is obtained by 
calculating the following equation:

(8)

D=

{

0 𝜀 ≤ 𝛾

1 − exp
[

−
1

2Ω
∫ c

(

eb𝜀∕𝜀c − ea𝜀∕𝜀c
)

𝜎cd𝜀
]

𝜀 > 𝛾

The greater the damage dissipation energy is, the 
more energy input is required for damage to occur, 
and the more difficult it is for damage to occur. Due 
to space limitations, damage evolution analysis was 
performed on the most representative specimens of 
each group. Figure 9 shows the damage values ver-
sus strain for the CPB under different strain rates.

As Fig.  9 shows, the damage evolution curves 
of the CPB at different strain rates were all in the 
shape of an “S,” indicating that the compression 
damage to the CPB under different strain rates was 
of the same type. According to the growth law of 

(9)Ω =
c1
(

eb1�c − ea1�c
)(

b1e
b1�c − a1e

a1�c
)

2�c

(a) (b)

(d)(c)

Fig. 8   Curve of dissipated energy versus strain at different strain-rates
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the damage evolution curve of the CPB, the energy 
damage evolution process of the CPB damaged by 
compression can be divided into three stages:

•	 Slow-growth damage phase (OA). At this 
time, the stress value and dissipation and elas-
tic energies of the CPB are small, and the pri-
mary cracks inside the CPB are compressed and 
dense, corresponding to practically zero damage 
variables.

•	 Damage stabilization and accelerated growth 
phase (AB). The total strain energy absorbed by 
the CPB during this phase is mainly stored as 
elastic energy within the CPB. The damage evo-
lution curve of the CPB shows that with con-
tinuous loading, the CPB is in the elastic defor-
mation phase, still produces damage, and shows 
a steady growth trend. The dissipation energy 
of the CPB shows a clear increasing trend. In 
addition, the strain softening mechanism of the 
CPB starts to increase within this phase, and the 
damage value D starts to increase rapidly.

•	 Damage growth rate slowdown phase (BC). 
During this phase, the CPB no longer absorbs 
strain energy, and the rapid increase in energy 
consumption value causes the CPB to lose 
strength due to increased damage. When the 
energy consumption value reaches the extreme 
value, the damage value reaches its maximum 
value, and the CPB forms monolithic damage.

4 � Conclusions

In this study, the damage evolution process of CPB 
was investigated by conducting uniaxial loading 
tests with different strain rates and analyzing their 
strain field and energy evolution curves through a 
combination of AE and DIC in situ monitoring. The 
results of the study can be described as follows.

•	 The phenomenon of a critical strain rate exists 
for low-strength CPB. Below the critical strain 
rate, the increase in the strain rate has a sig-
nificant strengthening effect on the compressive 
strength of CPB, and vice versa. This produces a 
deterioration effect, which is significantly differ-
ent from that of hard brittle rocks.

•	 The increase in the strain rate has a significant 
effect on the strain field evolution pattern of 
CPB, and the transfer of the strain concentration 
area of the specimens during loading has a strain 
rate effect.

•	 The growth of the total energy consumption and 
axial strain of CPB generally follows the logis-
tic model. The energy consumption required 
to achieve the same axial deformation tends to 
increase and then decrease with an increase in 
the strain rate.

•	 The damage evolution curves of CPB at different 
strain rates are all “S”-shaped and can be divided 
into phases of slow-growth damage, damage sta-
bilization and accelerated growth, and damage 
growth rate slowdown.
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