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Phosphogypsum is the main industrial solid waste from wet process phosphoric acid production, 
which has significant potential for environmental sustainability and engineering applications when 
modified. In order to explore the mechanical properties of modified phosphogypsum (MG) in different 
loading environments, uniaxial compression tests were conducted at four loading rates: 0.03, 0.06, 
0.12, and 0.6 mm/min. The test results show that MG undergoes creeping at the loading rate of 
0.03 mm/min, quasi-static loading at 0.12 to 0.6 mm/min, and transition between the two states at 
0.06 mm/min. As the loading rate increases, the crack initiation stress σci, damage stress σcd, and 
peak strength σf  gradually increase, but the increasing amplitude gradually decreases. Under quasi-
static loading at 0.12 to 0.6 mm/min, σci/σf  and σcd/σf  show no significant changes and remain at 
0.52 and 0.81, respectively, close to the values of rock materials. As the loading rate increases from 
creep loading to quasi-static loading, the elastic strain energy increases slowly and steadily, while 
the total strain energy and dissipative strain energy decrease first and then increase slowly. With the 
axial stress increasing from 0 to 0.81σf , the principal strain field changes from relatively uniform to a 
concentration band, which has a very steep angle with the horizontal direction. The research results 
provide an important theoretical basis for the engineering application of MG as building materials.
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Since industrialized phosphate ore mining in the 19th century, leaching phosphate ore with sulfuric acid has 
been the most widely used method of phosphoric acid production (wet process phosphoric acid production), 
and gypsum has been a bulk industrial solid waste discharged from that process1. Statistics show that about 4.5 
to 5 t of phosphogypsum is produced per ton of phosphoric acid produced2. As of 2020, the worldwide annual 
phosphogypsum production has reached about 280 million tons, and about 7 billion tons have accumulated3. 
Among them, the annual phosphogypsum production in China has reached about 80 million tons, and about 
820 million tons have accumulated4. Due to its complex composition and numerous impurities, phosphogypsum 
utilization is difficult with a low comprehensive utilization rate, and the main treatment method remains open-
air stockpiling5. Stockpiled phosphogypsum occupies large tracts of land and harbors soluble phosphorus, 
soluble fluorine, radioactive elements, trace heavy metals, and other soluble substances6–9, which are often 
carried away by rainfall, wind, and seepage flow and severely pollute local soil, air, and water, causing incalculable 
environmental pollution to the local area10–13. Meanwhile, these harmful substances also limit phosphogypsum 
development and application in various fields14. Therefore, comprehensively treating phosphogypsum pollution 
and developing new utilizations as a resource is particularly important.

At present, phosphogypsum has been utilized in agriculture, chemistry, ecological and environmental 
sciences, and building materials. In agriculture, phosphogypsum can be a chemical modifier to mitigate 
soil degradation and improve soil fertility after neutralizing and removing impurities15. However, the actual 
phosphogypsum utilization rate is low. In chemistry, preparing ammonium sulfate and potassium sulfate with 
phosphogypsum waste is now one of the feasible ways to obtain valuable raw materials16,17. Yet, the actual benefits 
are unsatisfactory due to the high cost and low return. In ecological and environmental sciences, phosphogypsum 
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is widely used as an adsorbent for CO2 sequestration by mineral carbonization and heavy metal removal from 
wastewater due to its fast carbonization rate, high reactivity, and strong adsorption capacity18–21. Nevertheless, 
its utilization rate is also low, and the used phosphogypsum adsorbent causes new pollution. In terms of building 
materials, phosphogypsum, after impurity removal and modification, can replace natural gypsum in construction 
materials, such as cement, wall panels, highway substrate and pavement materials, plasterboard, foam tiles, and 
glass ceramics, which can effectively improve the phosphogypsum utilization rate22–25. Phosphogypsum is more 
readily available and cost-effective than natural gypsum. Therefore, using modified phosphogypsum (MG) after 
impurity removal and modification in building materials will be the main method in the future, and further 
research is urgently needed to advance phosphogypsum applications in building materials.

In this regard, Dutt et al.26 conducted uniaxial and undrained triaxial tests on MG under three different 
curing conditions. The results indicated that the strength, deviatoric stress, tangent modulus, cohesion, 
and internal friction angle of the material increased with curing time. Xiao et al.27 studied the physical and 
mechanical properties of MG, including particle size distribution, thermogravimetric analysis, and unconfined 
compressive strength. Hu et al.28 investigated the water-cement ratio, silica fume dosage, cement dosage, and the 
hemihydrate phosphogypsum to primary phosphogypsum ratio through a single-factor experimental design. 
They prepared a new type of phosphogypsum-based concrete that meets the C30 compressive strength grade 
requirements, achieving a compressive strength of 45.1 MPa after 28 days of curing. Wu et al.29 revealed the 
influence mechanism of different height-thickness ratios and eccentricities on the failure characteristics and 
bearing capacity of MG and proposed its bearing capacity calculation method.

Most of the above studies focused on analyzing the deformation and strength characteristics of MG with 
different mixing ratios. However, as a brittle material similar to concrete and rock, little research has been 
conducted on the relationship between MG and loading rate. Based on the progressive fracture theory in rock 
mechanics, this study performs uniaxial compression tests on MG specimens to explore their elastic modulus, 
stress threshold, and energy characteristics under different loading rates. The findings are of great significance 
for MG applications in different engineering scenarios.

Test protocol
Specimen mixing and preparation
The waste phosphogypsum from wet process phosphoric acid production is mainly dihydrate phosphogypsum 
(CaSO4·2H2O), which can be transformed into hemihydrate phosphogypsum (CaSO4·0.5H2O) through high-
temperature calcination and dehydration30,31. Chen et al.32 found that the soluble phosphorus in phosphogypsum 
had the greatest impact on its performance, which could prolong its coagulation, loosen its structure, and reduce 
its strength. Modifying phosphogypsum by neutralization with quicklime can effectively enhance its strength. 
According to existing literature26–29, the hemihydrate phosphogypsum was neutralized using quicklime, and 
the specimens were mixed and poured using hemihydrate phosphogypsum, quicklime, melamine-based water 
reducer, and water. The specific mixing scheme is shown in Table 1. Since this study adopted the theories and 
methods in rock mechanics, the uniaxial compression test specimen should be a standard cylinder with a 
diameter of 50 mm and a height of 100 mm, according to the recommendations of the International Society for 
Rock Mechanics(ISRM)33.

Currently there is limited research on the mechanical properties of MG, and there are almost no normative 
standards available for reference. In this research MG is mainly applied in engineering materials, so the curing 
methods are set according to the Standard for Test Methods of Concrete Physical and Mechanical Properties 
(GB/T 50081 − 2019)34, with curing ages of 1d, 3d, 7d, 28d, 56d or 60d, and ≥ 84d. According to the requirements 
of Code for Design of Concrete Structures (GB 50010 − 2010)35, under 28-day curing conditions, the standard 
value and design value of C60 concrete reached 38.5 MPa and 27.5 MPa, respectively, which are comparable to 
the strength of MG specimens. Based on this, the curing time for MG is determined to be 28d.

Experimental studies on the compressive strength of MG under two curing conditions were conducted: 
Standard Curing at 20 ± 2℃ with relative humidity above 95%, and Natural Curing at an average daily 
temperature of 20℃ with 40–50% humidity. Specimens were tested at 3, 7, 14, and 28 days. when the curing time 
exceeds 14 days, the peak strength of MG specimens under natural curing conditions is higher than that under 
standard curing conditions. This may be because MG is an air-hardening material. In the early stages of curing, 
a moist environment can stimulate the reactivity of the materials within MG, thereby increasing the hydration 
reaction rate and progress of the specimens. In the later stages of curing, the increase in strength of MG mainly 
relies on moisture evaporation; excessive humidity in the curing environment can hinder the evaporation of 
internal moisture to some extent. Additionally, in a humid environment, the dissolution of these contact points 
can result in a reduction in structural strength.

Based on the reasons mentioned above, MG specimens are cured for 28 days under natural room temperature 
conditions.

The specimen preparation process is as follows:

Composition
Hemihydrate phosphogypsum
(%)

Quicklime
(%)

Melamine-based water reducer
(%)

Water
(%)

Content percentage 97 3 1 29.1

Table 1.  MG specimen mixing ratio.
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	(1)	� The required amount of each material is calculated and weighed according to the MG specimen material 
mixing scheme in Table 1, as shown in Fig. 1a.

	(2)	�  The specimen mold is assembled, with its inner walls wiped with a small amount of boiled oil and its outer 
walls reinforced with adhesive tape, as shown in Fig. 1b.

	(3)	�  The hemihydrate phosphogypsum is thoroughly mixed with quicklime, and the melamine-based water 
reducer and water are added while stirring until a viscous slurry mixture is obtained, which is poured into 
the mold shown in Fig. 1b, as shown in Fig. 1c.

	(4)	� The cast MG specimens are cured in a cool and dry place for three days before removing the mold, as shown 
in Fig. 1d. To ensure the strength, the specimens in Fig. 1d are stored in a cool and dry place for 28 days for 
air drying and curing.

Test equipment
The test system in this study comprised a loading device and a DIC measuring device (Fig. 2a). The loading device 
was a TARC-2000 rock triaxial rheometer with a load stiffness of up to 10 GN/m, which can provide a maximum 
axial pressure of 2000 kN, a maximum confining pressure of 70 MPa, and a maximum temperature of 150 °C. 
Linear Variable Differential Transformer (LVDT) displacement sensors were used to record the axial and radial 
deformation (Fig. 2b), with a displacement resolution of 0.001 mm and a sampling interval of 0.05 s. The computer 
recorded the monitoring data in real time during the test and plotted stress-strain curves simultaneously. The 
DIC measurement device was an RDIC-3D full-field quasi-static strain measurement system, including high-
resolution cameras, LED ultraviolet light sources, synchronous triggers, and measurement software. The device 

Fig. 2.  Test system: (a) Loading device and DIC measuring device; (b) LVDT displacement sensors; (c) 
Spraying speckle.

 

Fig. 1.  MG specimen preparation process: (a) Specimen raw materials; (b) Specimen mold; (c) Specimen 
pouring; (d) Finished specimen.
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acquired data synchronously using two cameras, with a displacement measurement accuracy of 0.01 pixels and 
a strain measurement accuracy of 20 µ ϵ .

Test steps
To ensure that the end surfaces of the MG specimens were smooth and under axial compression, the circular end 
surfaces were polished before the test. Deformation control was adopted as the loading method for the uniaxial 
compression test, and 4 loading rates were designed, namely, 0.03 mm/min, 0.06 mm/min, 0.12 mm/min, and 
0.6 mm/min. Under each loading rate, 3 MG specimens were tested with displacement sensors to record axial and 
radial strain for stress threshold measurement and calculation. In addition, the surface of one specimen under 
the 0.03 mm/min loading rate was sprayed with black speckles (Fig. 2c) to observe the progressive deformation 
and strain fields using DIC technology.

Test result analysis
Stress-strain curve characteristics
As shown in Fig. 3, the specimen shows obvious creep characteristics at the loading rate of 0.03 mm/min. The 
straight line section of the stress-strain curve has a slow slope, followed by an obvious and extended plastic 
yield section with minimal stress changes. The creep strain upon failure is large, and the peak strength is low 
(about 26 MPa). The fractured specimens showed only small cracks that were difficult to identify, with no clear 
large cracks. At the loading rates of 0.06 and 0.12 mm/min, the creep characteristics of the specimens gradually 
disappear, and the straight section of the stress-strain curve shows significant slope increases. Meanwhile, the 
corresponding strain upon failure decreases while the peak strength increases. After specimen failure, the 
number and opening of cracks increase significantly, and X-type conjugate cracks appear. At the loading rate of 
0.6 mm/min, the straight section of the stress-strain curve shows a further increased slope, and the peak strength 
shows greater increases. The cracks after failure almost penetrate the specimen and are accompanied by local 
splitting ejection failure.

The elastic modulus of the MG is calculated based on the elastic stage of the stress-strain curve, and the 
results are shown in Fig. 4. As the loading rate increases from 0.03 mm/min to 0.12 mm/min, the average elastic 
modulus of the MG specimen shows a significant linear increase of 36%. With the loading rate increasing from 
0.12 mm/min to 0.6 mm/min, the elastic modulus increases minimally by only 3%. The reason is as follows. At 
low loading rates, the MG specimen has more time for microcrack expansion and stress redistribution, allowing 
internal damage and cracks to fully develop during loading, resulting in a lower elastic modulus and peak 
strength. In contrast, the loading duration is shorter at high loading rates, leading to insufficient development of 
internal microcracks. As a result, the specimen exhibits greater toughness and brittleness under instantaneous 
loading, which leads to a higher elastic modulus and peak strength.

Stress threshold determination method
Martin36 proposed the progressive fracture theory of rock, in which the four stress thresholds, namely, closure 
stress σcc, crack initiation stress σci, damage stress σcd, and peak strength σf , divide the deformation and 
failure of rock under compression into five stages. The stress threshold can help effectively analyze the macro-

Fig. 3.  Stress-strain curves and failure characteristics of MG at different loading rates.
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mechanical characteristics and study the evolution of microscopic cracks, thus revealing the progressive failure 
characteristics of rock-like materials. This method is used to determine the stress threshold of MG under 
uniaxial compression conditions. Figure 5 shows a typical stress-strain curve of MG at the uniaxial compression 
loading rate of 0.06 mm/min, where the stress threshold and the deformation failure stage of MG can be clearly 
distinguished. The specimen is in the compacting stage (I) at initial loading, during which the internal pores 
and defects are gradually compressed, the crack volume strain gradually decreases and approaches 0, and the 
stress threshold is the closure stressσcc. After the elastic stage (II), the crack volume strain of the specimen is 0. 
Once the absolute crack volume strain exceeds 0, the cracks initiate, and the stress corresponding to the crack 
initiation point is the crack initiation stress σci. At this time, the specimen deformation has entered the stable 
crack development stage (III). σci can be determined using the crack volume strain-axial stress strain curve.

Axial strain and radial strain are recorded using the LVDT sensors during the test, and the volume strain is36:

Fig. 5.  MG uniaxial compression stress-strain curve and stress threshold.

 

Fig. 4.  Elastic modulus of MG at different loading rates.
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	 εv = ε1 + 2ε2� (1)

where εv is the volumetric strain, ε1 is the axial strain, and ε2 is the radial strain.
According to the elastic modulus E and Poisson’s ratio ν obtained in the elastic stage, the elastic volume strain 

during loading is calculated as follows36:

	
εve = (1 − 2υ) σ1

E
� (2)

The crack volume strain of the specimen is the difference between the volume strain and the elastic volume strain 
of the rock36, that is:

	 εvc = εv − εve� (3)

The stress corresponding to the inflection point of the stress-volume strain curve is the damage stress σcd, 
indicating the volume expansion of the specimen. From this moment, the specimen deformation enters into the 
unstable crack development stage (IV), where a large number of unstable cracks intersect continuously. As the 
stress reaches the peak strength σf , the specimen fails. At this time, the axial stress-strain curve shows a rapid 
drop, and the specimen deformation and failure enter the post-peak stage (V).

Effect of loading rate on stress threshold
As shown in Fig.  6, σcc shows no significant sensitivity to the increased loading rate due to its small value. 
In contrast, as the loading rate increases from 0.03 to 0.6 mm/min, σci, σcd, and σf  increase from 14.67 to 
17.26 MPa (an 18% increase), from 21.17 to 28.77 MPa (39%), and from 26.83 to 34.39 MPa (28%), respectively. 
The reason is as follows. At high loading rates, the shorter loading duration results in insufficient development 
of internal microcracks. Consequently, the specimen demonstrates increased toughness and brittleness during 
instantaneous loading, resulting in a higher σf . σci and σcd also rise with the increase in σf . Considering the 
stress-strain curve shape at each loading rate in Fig. 3, MG undergoes creeping at the loading rate of 0.03 mm/
min (strain rate ϵ̇  = 5 × 10− 6), quasi-static loading at 0.12 to 0.6  mm/min ( ϵ̇  = 2 × 10−5 to 1 × 10−4), and 
transition between the two states at the loading rate of 0.06 mm/min ( ϵ̇  = 1 × 10−5). Regardless of the loading 
rate, σcc, σci, and σcd have a significant linear relationship with σf  (Fig. 7).

Figure 8 shows the ratio of each stress threshold to the peak strength at different loading rates. According to 
the above analysis, 0.03 mm/min is the loading rate at which the MG undergoes creeping, while 0.12 to 0.6 mm/
min is the quasi-static loading rate. Therefore, the ratio of each stress threshold to the peak strength changes 
significantly with the increase of the strain rate at the loading rate of 0.03 to 0.06 mm/min. This ratio shows no 
significant change at the loading rate of 0.12 to 0.6 mm/min, and σcc/σf , σci/σf , and σcd/σf  remain at 0.29, 
0.52, and 0.81, respectively.

Since MG is a typical rock-like brittle material, the test results of various types of rocks in the literature37 were 
selected for fitting analysis to compare with the stress threshold ratio of rocks. As shown in Fig. 9, regardless of 
the rock type and the magnitude of σf , σci/σf  and σcd/σf  are concentrated in a narrow range (the dashed line 
indicates a 95% confidence interval). Under uniaxial compression conditions, σci/σf  is approximately 0.47, and 
σcd/σf  is approximately 0.8, very close to the results of MG in Fig. 8.

Energy characteristics
The failure of rock materials is accompanied by energy input, accumulation, dissipation, and release. Assuming 
that the test process is a closed system with no thermal exchange with the outside world, the work done by the 

Fig. 6.  Stress thresholds at different loading rates.
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Fig. 9.  Stress threshold ratios of MG and various types of rocks: (a) σci/σf ; (b)σcd/σf .

 

Fig. 8.  Stress threshold ratios at different loading rates.

 

Fig. 7.  Relationship between stress threshold and peak strength.
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outside world is the total strain energy U generated by the axial stress of the uniaxial compression test according 
to the first law of thermodynamics38. Then,

	 W = U = Ud + Ue� (4)

where Ud is the dissipative strain energy, and Ue is the elastic strain energy.
Figure 10 shows the relationship between the dissipative strain energy Ud and the elastic strain energy Ue 

in the stress-strain curve under uniaxial compression38. The area enclosed by the stress-strain curve before the 
peak strength and the unloading elastic modulus Eu is the dissipative strain energy Ud, and the area enclosed 
by the straight line connecting the peak strength and the peak strain and the unloading elastic modulus Eu is 
the elastic strain energy Ue. Dissipative strain energy is the energy dissipated by the internal damage and plastic 
deformation of the rock during loading, while elastic strain energy is the energy stored in the rock undergoing 
elastic deformation during loading.

According to Kong et al.39, the total strain energy of the rock in the three-direction stress state can be 
expressed as:

	
U =

∫ ε1

0
σ1dε1 +

∫ ε2

0
σ2dε2 +

∫ ε3

0
σ3dε3� (5)

where σ1, σ2, σ3 are the maximum principal stress, intermediate principal stress, and minimum principal 
stress of the rock material, respectively, and ε1, ε2, ε3 are the principal strains corresponding to the three main 
stresses.

Since there is no confining pressure in the uniaxial compression test, namely,σ2=σ3=0, the total strain 
energy and elastic strain energy can be expressed as39:

	
U =

∫ ε1

0
σ1dε1� (6)

	
Ue = 1

2Eu
σ1

2� (7)

For simplicity, the unloading elastic modulus Eu is replaced with the elastic modulus E in the calculation. In 
order to verify the rationality of this scenario, the uniaxial loading and unloading tests were conducted on MG 
at a loading rate of 0.06 mm/min. As shown in Fig. 11, the tangents of the elastic modulus E and the unloading 
elastic modulus Eu are almost parallel. E is calculated as 8.12 GPa, and Eu is 8.79 GPa, which can be considered 
approximately equal. Thus, E is used instead of Eu for the calculations of releasable elastic strain energy in this 
section.

The axial stress at the peak strength point is selected to calculate the strain energy. As shown in Fig. 12a, 
the elastic strain increases slowly and steadily from 0.053 to 0.062 J/cm3 with the increase of the loading rate. 
The reason is that under creep loading conditions, the MG specimen shows small elastic deformation but large 
plastic deformation, leading to low accumulated elastic strain energy. As the loading rate increases, the total 
strain energy and dissipative strain energy decrease first from 0.093 to 0.040 J/cm3 and then increase slowly to 
0.091 and 0.029 J/cm3, respectively. The reason is that the MG specimen undergoes creep loading at the loading 
rate of 0.03 mm/min, with large plastic deformation in the pre-peak yield section, and the specimen absorbs a 
lot of energy from the outside world for dissipation during plastic deformation. In contrast, the loading rate of 
0.12 mm/min corresponds to the quasi-static loading state, and the plastic deformation of the MG specimen 
is significantly reduced (Fig. 3), resulting in decreased dissipative strain energy and total strain energy. At the 

Fig. 10.  Relationship between dissipative strain energy Ud and elastic strain energy Ue in the stress-strain 
curve38.
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loading rate of 0.6 mm/min, the peak strength of the specimen is further improved, and the total strain energy 
and dissipative strain energy increase slightly.

Figure 12b shows the variation trend of the strain energy ratio. At loading rates below 0.12 mm/min, Ue, Ud, 
and U increase with the increase of the loading rate, showing strong sensitivity. At loading rates above 0.12 mm/
min (quasi-static load state loading rates), Ue, Ud, and U stay basically constant as the loading rate changes, 
showing no obvious sensitivity.

Discussions
Energy-based material damage mechanism analysis
According to thermodynamics principles, material failure is a state of instability caused by energy exchange and 
internal energy conversion38,39. The strain energy conversion process was analyzed based on the stress-strain 
curve at a loading rate of 0.06 mm/min, and the results are shown in Fig. 13. According to Sect. 3.2, the MG 
specimens underwent the compaction stage (I), the elastic stage (II), the stable crack development stage (III), 
the unstable crack development stage (IV), and the post-peak stage (V) during the uniaxial compression test. In 
the compaction stage (I) with the original pores and cracks of the MG specimen, the work done by the outside 
world is converted into the energy that closes the original pores and cracks, and no significant energy change 
takes place in the specimen. In the elastic stage (II), the work done by the outside world is stored in the form of 
the elastic strain energy of the MG specimen, and the elastic strain energy begins to increase gradually. There is 
almost no energy dissipation in this process, and the dissipative strain energy is approximately 0. In the stable 
crack development stage (III), microcracks form in the MG specimen at point A (σci), and irreversible plastic 
deformation is produced. The elastic strain energy maintains its growth trend, and dissipative strain energy is 
generated and gradually increases. In the unstable crack development stage (IV), the growth trend of elastic 
strain energy remains unchanged, and the growth trend of dissipative strain energy gradually increases. As a 

Fig. 12.  Strain energy characteristics at different loading rates: (a) Strain energy; (b) Strain energy ratio.

 

Fig. 11.  MG loading and unloading curves.
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result, the microcrack expansion in the MG specimen begins to accelerate, and the work done by the outside 
world is mainly stored in the MG specimen as elastic strain energy. In the post-peak stage (V), the elastic strain 
energy stored in the MG specimen is released rapidly at point B (σf ), and its value is significantly reduced, which 
is the internal cause of the sudden failure of MG specimen.

Deformation evolution under creep loading
According to Sect. 3.3, the loading rate of 0.03 mm/min is a special value at which MG undergoes creeping, 
so the DIC technology was utilized to observe the progressive evolution of deformation and strain fields. 
Figure 14 reflects the principal strain field of stress levels of σcc/σf (≈ 0.29),σci/σf  (≈ 0.52), andσcd/σf  (≈ 0.81), 
respectively. It can be observed that the principal strain distribution of the specimen is relatively uniform at the 
beginning of loading. However, local principal strain concentration intensifies with the increase of axial stress, 
especially when the axial stress is about 0.81 σf , where a strain concentration band is formed on the specimen 
surface. The angle between the strain concentration band and the horizontal direction is very steep, similar to 
the failure characteristics (0.03 mm/min) in Fig. 3.

Conclusions
In order to investigate the mechanical behavior of MG under different loading conditions, uniaxial compression 
tests were performed on MG specimens in this study. The mechanical properties of MG were discussed under 

Fig. 14.  The principal strain field of each stress level at a loading rate of 0.03 mm/min.

 

Fig. 13.  Stress-strain curves and strain energy conversion processes.
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different loading rates, such as elastic modulus, stress threshold, and energy characteristics. The following 
conclusions were reached:

	(1)	� The variation patterns of the stress-strain curve and stress threshold indicate that under uniaxial compres-
sion, MG undergoes creeping at the loading rate of 0.03 mm/min (strain rate ϵ̇  = 5 × 10− 6), quasi-static 
loading at 0.12 to 0.6 mm/min ( ϵ̇  = 2 × 10−5 to 1 × 10−4), and transition between the two states at the load-
ing rate of 0.06 mm/min ( ϵ̇  = 1 × 10−5).

	(2) 	� As the loading rate increases from 0.03 to 0.6 mm/min, the crack initiation stress σci, damage stress σcd, 
and peak strength σf  increase by 18%, 39%, and 28%, respectively. In contrast, the closure stress σcc shows 
no significant sensitivity to the increase in the loading rate due to its small value.

	(3)	�  Under the quasi-static loading conditions at 0.12 to 0.6 mm/min, σcd/σf  and σci/σf  show no significant 
changes and remain at 0.52 and 0.81, respectively, close to the values of rock materials.

	(4)	�  As the loading rate increases from creep loading to quasi-static loading, the elastic deformation of MG 
gradually increases. As a result, the elastic strain energy increases slowly from 0.053 to 0.062 J/cm3 while 
the total strain energy and dissipative strain energy first decrease from 0.093 to 0.040 J/cm3, respectively, 
and then slowly increase to 0.091 and 0.029 J/cm3.

Data availability
The datasets used and/or analyzed during the current study available from the corresponding author on reason-
able request.
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