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A B S T R A C T   

Solid waste tailing materials from molybdenum mining in China occupy extensive land areas and 
threaten the health of nearby residents. To address the risk and the increasing shortage of natural 
construction materials, using those tailings as a construction material is a potential option for the 
construction industry. Modified concrete mixed with other tailings materials has been widely 
studied. The application of molybdenum tailings modified concrete to cold regions needs to fully 
consider its durability. Through the concrete cube compressive strength test and rapid freeze- 
thaw cycle test after different standard curing time, the strength formation process and frost 
resistance of molybdenum tailings modified concrete are explored. On this basis, the optimal 
content of Mo tailing material was determined. Results demonstrated that the compressive 
strength and frost resistance of Mo-tailing-modified concretes increased first and then decreased 
with the increase in Mo tailing content. The optimal modification effect was achieved when the 
Mo tailing content reached 20%. Under that circumstance, the porosity of Mo-tailing-modified 
concrete was at a minimum before and after the freeze–thaw cycles, thus increasing mechani-
cal and antifrost properties significantly.   

1. Introduction 

With continuous global economic development, the demand for molybdenum (Mo) has gradually increased, accompanied by rapid 
growth in the yield and processing quantity of Mo ores [1]. Accompanying that, tailing emissions of low-grade Mo ore account for more 
than 95% of the low grade Mo during Mo exploitation, and they are processed by suspension technology. Storing these Mo tailings not 
only occupies vast land resources and increases the cost of construction and maintenance of tailings reservoirs, but also pollutes water 
and soil, inflicting considerable potential safety hazards on surrounding residential environments [2,3]. Therefore, promoting the 
extensive use of Mo tailings has attracted much attention [4]. With the research and development of new floating reagents, innovation 
of equipment, and updating of mineral processing technologies, the most valuable components in tailings can be recycled effectively. 
However, the tailing quantity is still very high, and the tailing storage problem has still not been solved effectively [5,6]. 

Using tailings as construction materials is attracting more and more attention as shortages of raw materials like aggregates become 
increasingly prominent [7–11]. Li Chun et al. [12] studied the preparation of baking-free bricks using Mo tailings and found that the 
mechanical properties of the bricks decreased with the increase in Mo tailing content. When the Mo tailing content was lower than 
80%, it met the requirements of baking-free bricks (>MU10). Liu Zhenying [13] did an experimental study on the preparation of 
baking bricks made of Mo tailings. They shaped baking bricks following a certain mass ratio (7:3:0.3) of Mo tailings, clay, and sodium 
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carbonate. Later, the shaped baking bricks were dried at 200 ◦C for 2 h, sintered at 1000 ◦C, then kept at that temperature for 3 h, thus 
producing sintered bricks. According to testing, the prepared bricks met China’s index requirements for ordinary sintered bricks. 

Producing ceramics with Mo tailings can not only achieve breakthroughs in traditional technologies that use clay as raw materials, 
but can also improve the performance of ceramics significantly. Li Bin [14] prepared ceramics using Mo tailings as raw materials and 
blast furnace slags of iron steel as additives. X-ray diffraction test results showed that the prepared ceramic was superior to similar 
products in terms of performance, and it could be used in building or corrosion industries, which could increase the use of Mo tailings 
to higher than 80%. Wang Xiulan et al. [15] prepared high-performance ceramics with compression moulding technology by using Mo 
tailings in Liaoning, China as major raw materials, with quartz and clay minerals as accessories. The prepared ceramics’ density, 
flexural strength, and water absorption were 2.23 g/cm3, 46.85 MPa, and 0.43% respectively. Zhang et al. [16] also prepared 
economical and durable ceramics by using Mo tailings as raw materials. 

Because most buildings depend on concrete materials, preparing concretes with Mo tailing material can further increase the use of 
those materials in the construction industry [17,18]. Zhu Jianping et al. [19] prepared belite cement clinker by calcinating Mo tailings, 
limestone, and river sand (mass ratio = 23.30:73.00:3.4) at 1350 ◦C for 0.5 h. When gypsum (1.5% of total raw material mass) was 
added to the mixture, the strength of the clinker reached its peak. According to X-ray diffraction analysis, the volume fraction of the 
belite minerals was markedly higher than that of traditional portland cement. Cui Xiaowei et al. [20] implemented mechanical su-
perfine grinding of Mo tailings, slags, cement clinker, and gypsum. Later, the powders were mixed at a mass ratio of 4:3:2:1, thus 
obtaining a binding material. By using stones as coarse aggregate and Mo tailings as fine aggregate, the concrete was prepared with a 
water-to-binder ratio of 0.26. The compressive strength of the prepared concrete reached 68.7 MPa. Liu Shichang [21] replaced river 
sand with tailings and prepared a high-strength concrete of composite binding material, pebble, and Mo tailings at a mass ratio 
(24.5:48.5:27) with a compressive strength of 70 MPa. Gao et al. [22–25] prepared concrete-filled steel tubular columns by replacing 
fine aggregate with Mo tailing material, which achieved a relatively good economic effect. Relevant research has proved the feasibility 
of Mo tailing materials in preparing modified concretes. 

Existing studies on tailings concrete focus mainly on preparation and mechanical properties, but there are few studies on the 
durability of tailings concrete. However, the potential influences of tailing materials on the durability of concretes have been verified 
from multiple aspects [26–28]. Jamshid et al. [29] prepared concretes with copper tailings rather than cement and found that those 
solid waste tailings could be successfully used as a partial substitute for concrete cement. Moreover, a statistical analysis has shown 
that copper tailings have a significant influence on the durability of concrete. Mike et al. [30] used kimberlite tailings as concrete 
aggregates, which decreased the machinability of fresh concrete and increased water demands. If the mixing ratio was readjusted to 
overcome the defects of kimberlite tailings, the concrete performance could be improved. 

The durability of concrete is closely related to its service environment, and it directly influences the engineering quality, safety, and 
service life of concrete structures. In cold regions, frost resistance is the ability of concrete to resist internal deterioration under freeze- 
thaw cycle conditions, which is the priority in durability indices, It is of great significance to improve the frost resistance of concrete in 
cold regions. Therefore, this study uses molybdenum tailings to prepare modified concrete, and explores how to improve the frost 
resistance of concrete after adding molybdenum tailings, studying the strength formation and frost resistance of Mo tailings modified 
concrete has a high theoretical value and engineering significance in guiding concrete engineering design in cold regions. 

In this paper, molybdenum tailings was used to instead of fly ash to prepare modified concrete. The influences of Mo tailing content 
on concrete compressive strength and frost resistance were investigated through strength formation and freeze–thaw cycle tests. 
Finally, the optimal content of Mo tailing materials was determined in accordance with compressive strength and antifrost properties. 
The degradation of Mo-tailing-modified concretes during freeze–thaw cycles were determined through a computed tomography test. 

2. Experimental methods 

Experiments in this study were divided into compressive strength and freeze–thaw cycle tests. In those two tests, 150 mm × 150 
mm × 150 mm concrete standard cubic specimens and 100 mm × 100 mm × 400 mm concrete prismoid specimens were prepared. The 
specimens were prepared in accordance with Chinese hydraulic concrete test codes (DL/T5150-2017). In the two tests, the molyb-
denum tailings content of the concrete specimens was the same, divided into 0%, 10%, 20%, 25%, and 30%, respectively. 

2.1. Materials and equipment 

The P•MH 42.5 moderate-heat Portland cement produced by the Sichuan Jiahua cement factory was used. Its physical and me-
chanical properties are shown in Table 1. The Mo tailing material and coal ash were collected from the Ruyang Yaochanggou tailings 
reservoir and the F-class I-level coal ash of the Henan Gongyi Yuanheng water purification material factory respectively. Fig. 1 depicts 
the particle size distribution of molybdenum tailings and fly ash, The density of molybdenum tailings material is 2.91 g/cm3, and the 

Table 1 
Physical and mechanical properties of cements.  

Specific Surface Area (m2/kg) Stability Setting Time (min) Flexural Strength (MPa) Compressive Strength (MPa) 

Initial Setting Final Setting 3d 28d 3d 28d  

338 Qualified  175  2442  5.2  10.5  31.8  42.6  
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density of fly ash is 2.42 g/cm3. The primary chemical compositions of the cement, Mo tailing material, and fly ash are listed in Table 2. 
As fine aggregate, machine-made sand is used here with particle size less than 4.75 mm after mechanical crushing and screening 
(medium sand, fineness modulus of 2.77). The coarse sand was ordinary granite, with a grain size range of 5–40 mm, that of second- 
level grading. As a water reducer, HPEG-2400 polycarboxylate superplasticizer produced by Shandong Yousuo Chemical Engineering 
Technological Co., Ltd. was used, which was supplied in light yellow to white sheets. Its hydroxy value (mgKOH/g) was 22–27, pH 
value 5.0–5.7, and water ≤ 0.5%, which was dissolved in many organic solvents, including water. Water was collected from ordinary 
tap water in Xi’an City, China. 

Test equipment included an MTS 2000 kN micro-electro-hydraulic servo universal testing machine, a TDR-28 concrete fast 
freeze–thaw test box, a DT-20 dynamic elastometer, and an MS-Voxe1450 industrial computerized tomography (ICT) scanner. The 
servo testing machine was used for the different standard curing times compressive strength tests of the cubic concrete specimens. The 
fast freeze–thaw tester simulated freeze–thaw cycle conditions effectively, and it was used to analyse the antifrost properties of the 
prismoid concrete species thoroughly in conjunction with the elastometer. The ICT scanner was used for computerized tomography of 
standard concrete specimens. It showed internal pore distribution and porosity changes in species clearly, and was also used for 
preliminary analysis of the freeze–thaw failures. 

2.2. Test schemes 

2.2.1. Mixing ratio and preparation process 
The concrete studied in this paper will be considered to be applied to hydraulic concrete engineering in cold regions. Therefore, The 

mix proportion of concrete is calculated in accordance with the Chinese standard hydraulic concrete mix proportion design code (DL/ 
T5330-2015). In this study, the doses of cement, fine aggregate, coarse aggregate, water reducer, and water were fixed. Five composite 
binding material systems of concretes were prepared by changing the mixing ratio of Mo tailing material and coal ash. The mixture 
without Mo tailing material (dose = 0%) was used as the control group, which was denoted as RC. The remaining four groups were test 
groups, in which the doses of Mo tailing material were 10%, 20%, 25% and 30%. Those four groups were denoted as M10C, M20C, 
M25C, and M30C respectively. The detailed mixing ratios are shown in Table 3. 

The concrete mixtures were prepared in accordance with the mixing ratios in Table 3. The stirred concrete mixtures were poured 
into 150 mm × 150 mm × 150 mm cubic moulds and 100 mm × 100 mm × 400 mm prismoid moulds. They were then compacted on 
a vibration table. Each group (RC, M10C, M20C, M25C, and M30C) comprised 15 standard cubic specimens and 3 prismoid species. 
Therefore, 75 standard cubic specimens and 15 prismoid species were prepared. After remaining static for 24 h, the specimens were 
demoulded using an air compressor. Subsequently, all specimens were cured in a standard incubator at 20 ± 2 ◦C and 95% relative 
humidity. 

2.2.2. Compressive strength and frost resistance tests 
The compressive strength test of concrete cubes was used to study the influences of Mo tailing content on the ultimate compressive 

strength of concrete for various durations. Three specimens were chosen from each group (RC, M10C, M20C, M25C, and M30C) at 1 d, 7 
d, 14 d, 28 d, and 45 d for the test. The compressive strength test of concrete cubes covered 75 tests. The test schemes are summarised 
in Table 4. During the test, in order to ensure the accuracy of the cube compressive strength results, it is necessary to make the 
compressive area of the specimen in contact with the universal testing machine reach 100%. The loading rate of the universal testing 
machine was adjusted to 0.5 MPa/s, and uniform loading was applied. During the test, the specimens’ stress–strain variation curves 

Fig. 1. Particle size of molybdenum tailings and fly ash.  
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were recorded continuously, and the ultimate compressive strengths of the specimens were calculated. 
The frost resistance test was used to study the influences of Mo tailing content on the frost resistance of concrete under freeze–thaw 

cycles. According to the requirements of concrete frost resistance test in the Chinese Standard Hydraulic Concrete Test Regulations 
(DL/T5150-2017), the mass loss rate and relative dynamic elastic modulus were analysed as the evaluation index of frost resistance, All 
concrete prismoid specimens of RC, M10C, M20C, M25C, and M30C at 28 d were immersed in water for 4 d, then put into the fast 
freeze–thaw test box, as shown in Fig. 2. The lowest and highest temperatures in the fast freeze–thaw test box were set at − 18 ± 2 ℃ 
and 5 ± 2 ℃ respectively. (one freeze-thaw cycle lasts 2.5–4.0 h, where temperature reduction process lasts 1.0–2.5 h, and the 
temperature rise lasts 1.0 h~2.0 h.) Specimens were taken out after 0, 50, 100, and 150 freeze–thaw cycles and weighed. Meanwhile, 
the dynamic elastic modulus was measured by the dynamic elastometer. The concrete specimens under different freeze-thaw cycles 
were scanned by ICT, as shown in Fig. 3. 

Table 2 
Major chemical compositions of cement, Mo tailing material, and fly ash (%).  

Raw Material SiO2 Al2O3 CaO Fe2O3 MgO SO3 Loss 

Cement  21.0  3.95  61.0  5.04 4.22 1.98  1.47 
Molybdenum Tailings  45.26  6.29  9.67  11.22 – –  12.70 
Fly Ash  53.36  29.09  2.27  3.87 0.81 –  2.86  

Table 3 
Mixing ratios of concretes (kg/m3).  

Group Replacement amount of 
molybdenum 
tailings 

Water Cement Fly Ash Molybdenum 
Tailings 

Fine Aggregate Coarse Aggregate Water Reducer 

RC  0%  180  252  108  0  736  1104  2.7  
M10C 10% 82.8 25.2  
M20C 20% 57.6 50.4  
M25C 25% 45.0 63.0  
M30C 30% 32.4 75.6  

Table 4 
ANOVA of compressive strength.  

Age (d) RC (0%) M10C (10%) M20C (20%) M25C (25%) M30C (30%) Error Range 

Compressive strength average (MPa)  

1 10.1 ± 0.51 10.8 ± 0.18 12.6 ± 0.12 11.5 ± 0.34 10.6 ± 0.49  < 3% 
7 17.4 ± 0.38 18.4 ± 0.08 19.7 ± 0.28 18.8 ± 0.44 18.1 ± 0.10 
14 25.2 ± 0.08 25.9 ± 0.72 26.6 ± 0.06 26.0 ± 0.27 25.6 ± 0.34 
28 28.2 ± 0.11 30.2 ± 0.23 34.0 ± 0.48 31.9 ± 0.09 29.7 ± 0.51 
45 33.7 ± 0.21 35.9 ± 0.82 39.3 ± 0.91 37.0 ± 0.51 36.0 ± 0.33  

Fig. 2. Rapid freeze-thaw cycle test for concrete.  
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3. Test results and discussion 

3.1. Different curing times compressive strength test 

The one-way analysis of variance (ANOVA) of the compressive strengths of the cubic concrete specimens at various times is shown 
in Table 4. The error of the ultimate compressive strength was no higher than 3%. As the standard curing time increases, the 
compressive strengths of all specimens with different mixing ratios increased nonlinearly. The growth rate increased quickly in the first 
14 d, then it decreased. Additionally, the concrete compressive strengths of the different groups diverged gradually with the increase in 
times. The concrete compressive strength of RC (0%) was at a low level at all times, indicating that mixing Mo tailings could increase 
concrete compressive strength effectively. The concrete compressive strength of M20C (20%) was markedly higher than that of the 
other four groups at all times. The M20C (20%) had the maximum compressive strength. 

Fig. 4 shows that with the increase in Mo tailing content, the cube compressive strength of concrete increased first and then 
decreased. Under each standard curing time, the compressive strength of the specimens increased the most when the Mo tailing content 
was 20%. In the process of strength formation, the strength of modified concretes with various contents of Mo tailings increased greatly 
at 1 d, indicating that mixing Mo tailings could improve the early strength of concrete effectively. Subsequently, the rate of increase of 
the concrete strengths of all groups decreased gradually (decelerated hydration rate) until 28 d, when the strength began to increase 
greatly again. This showed that the hydration rates at 1 d and 14–28 d after adding Mo tailings were high, but the hydration rate at 28 
d decreased. 

The variation curves of the compressive strengths of concrete cubes with various Mo tailing contents at different standard curing 
times are shown in Fig. 5. Combined with Fig. 2, it is evident that the concrete compressive strength increased when the Mo tailing 
content was 0–10%, but the growth rate was low. The concrete compressive strength increased quickly when the Mo tailing content 
was 10–20%, and the growth rate increased. The concrete compressive strength began to decrease when the Mo tailing content was 
20–25%, but it was still higher than that at 10%. The concrete compressive strength continued to decrease when the Mo tailing content 
was 25–30%, and it was close to that at 10%. The use of molybdenum tailings instead of fly ash as an admixture can fill the internal 
pores of the concrete to a large extent, making the concrete more dense and reducing the porosity [31]. In addition, the active 
components in molybdenum tailing materials, such as SiO2, will react with Ca(OH)2 to promote concrete hydration and generate a 
large amount of hydrated calcium silicate and ettringite, thereby improving concrete strength [32,33]. As the content of molybdenum 
tailings increases, the excess molybdenum tailings are not cemented together, which reduces the strength of the concrete [34]. 

Curves at different standard curing times all reflected the nonlinear relation between Mo tailing content and concrete compressive 
strength. The cube compressive strength of concrete reached the maximum when the Mo tailing content was approximately 20%. The 
shadow part of Fig. 5 shows that the concrete compressive strength increased significantly when the Mo tailing content was 19–21%. 

The fitting curves and parameters between the ultimate compressive strengths and standard curing times are shown in Fig. 6 and  
Table 5. There was a logarithmic relation between age and ultimate compressive strength of the concrete cubic specimens. The in-
fluences of Mo tailing material on concrete strength were concentrated in the coefficient stage of the log function; that is, the Mo tailing 
material coefficient. The Mo tailing material coefficient was further fit with Mo tailing content. In that way, the function model of Mo- 
tailing-modified concrete compressive strength with different standard curing times and Mo tailing content could be gained (Fig. 7). A 
constructive model of Mo-tailing-modified concrete compressive strength during strength formation could be speculated: 

N = (aM2 + bM + c)ln(D+ e)

where N is the concrete compressive strength; M is the Mo tailing content; D is the curing age of concrete; and a, b, c, e are 
constant coefficients, which were − 0.0037, 0.1280, 0.4725, and 2.1867 respectively. 

Fig. 3. ICT tomography test of concrete specimens after freeze-thaw cycles.  
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3.2. Freeze–thaw cycle test 

The variation curves of the mass-loss rate and relative dynamic elastic modulus of the concrete cubic specimens with various Mo 
tailing contents under freeze–thaw cycles are shown in Figs. 8 and 9 respectively. Under freeze–thaw cycles, the mass-loss rate of 
different concrete cubic specimens increased gradually, whereas the relative dynamic elastic modulus decreased gradually. The mass- 
loss rate of RC (0%) increased the most, and its relative dynamic elastic modulus decreased the most. That showed that the frost 
resistance of concrete specimens without the Mo tailing material were poorer than those with the material. The test groups’ mass-loss 
rates and relative dynamic elastic moduli decreased and increased to different extents. Compared with the other four groups, M20C 
(20%) had the lowest mass-loss rate throughout the freeze–thaw cycles, and the growth rate was also low. Moreover, the relative 
dynamic elastic modulus decreased slowest in the freeze–thaw cycles. 

To a certain extent, molybdenum tailings may fill some of the pores inside the concrete, so that the internal pores of the concrete 
become lower, and the space for the freezing and expansion of water inside the pores becomes smaller. In addition, the molybdenum 

Fig. 4. Comparison of ultimate compressive strengths of specimens at various different curing times.  
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tailings material also contains some active ingredients such as SiO2, which react with Ca(OH)2 during the formation of concrete 
strength to promote hydration and greatly enhance the ability of concrete to resist expansion stress [32,33]. 

Figs. 10 and 11 compares the mass-loss rates of concrete prismoid specimens with various Mo tailing contents. With the increase in 
Mo tailing content, the mass-loss rate decreased first and then increased. When the Mo tailing content reached 20%, the mass loss in the 
freeze–thaw cycles was the lowest. At 150 freeze–thaw cycles, the mass-loss rate of RC (0%) was close to 5%, indicating that the 
specimens were going to fail. However, the mass-loss rate of M20C (20%) was 1.68%. With the increase in Mo tailing content, the 
variation evolution of the dynamic elastic modulus loss of specimens was similar to that of mass loss. Specifically, the dynamic elastic 
modulus loss rate decreased first and then increased when the Mo tailing content exceeded 20% (Fig. 9). At 150 freeze–thaw cycles, the 

Fig. 5. Relation curves between Mo tailing content and ultimate compressive strength of concrete cubic specimens at various different curing times.  

Fig. 6. Fitting curves between ultimate compressive strength of concrete cubic specimens and different curing times.  
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dynamic elastic modulus loss of RC (0%) reached 23.04%, but it was only 17.04% in the M20C (20%). Combining the mass loss and 
dynamic elastic modulus loss, M20C (20%) had the optimal indices of frost resistance. 

3.3. Meso-analysis of freeze–thawing degradation 

To further explore the mesostructure of Mo-tailing-modified concrete specimens under freeze–thaw cycles, the industrial CT 
scanner was applied to analyse the freeze–thaw degradation of Mo-tailing-modified concretes. In that way, the internal pore structure 
and evolution of the specimens were explored. 

Table 5 
Fitting parameters between ultimate compressive strengths of concrete cubic specimens and different 
curing times.  

Group Fit equation R2 

RC (0%) y = 8.5736 ln (x + 2.1217)  0.98339 
M10C (10%) y = 9.079 ln (x + 2.1220)  0.98775 
M20C (20%) y = 9.8468 ln (x + 2.3005)  0.98156 
M25C (25%) y = 9.3593 ln (x + 2.2091)  0.98758 
M30C (30%) y = 8.8695 ln (x + 2.1803)  0.98937  

Fig. 7. Fitting curves of Mo tailing material coefficient.  

Fig. 8. Variation curves of mass-loss rate.  
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3.3.1. Pore changes of specimens with different Mo tailing contents 
The porosity of specimens with different Mo tailing contents and its variations are shown in Table 6. The variations refers to the 

porosity after 0 freeze-thaw cycles is used as the initial value here, and the porosity after 50 freeze-thaw cycles is used as the com-
parison value. The porosity of specimens and variations had trend of decreasing first and then increasing with increased Mo tailing 
content. The M20C (20%) had the lowest porosity and variation, which were consistent with the optimal Mo tailing content chosen in 
accordance with the compressive strength test and frost resistance test. 

Both the mass-loss rate and the relative dynamic elastic modulus reflected the frost resistance of the concrete cubic specimens. 
There is a huge relationship between freeze-thaw damage and the porosity inside the concrete, the greater the porosity, the more 
serious the freeze-thaw damage [35,36]. For the analysis of ordinary concrete mesostructures subjected to freeze-thaw cycles, the 
lower porosity, the more compact internal structure of concrete and the better the frost resistance [37]. Combined with the porosity 
analysis of concrete specimens in Table 6, it was evident that adding appropriate Mo tailing material could increase the microstructural 
stability. This may be because with the increase of molybdenum tailings, firstly, the accumulation of particles is better and the porosity 
decreases [31]; In addition, the chemical composition of molybdenum tailings such as SiO2 enhances the hydration, thereby improving 
the strength of concrete [32,33]. When the Mo tailing content was approximately 20%, the porosity of the concrete specimens was the 
lowest, and the resistance to the freezing expansion stress of pore water increased. Moreover, the corresponding mass-loss rate and 
relative elastic modulus of M20C (20%) were the best. This showed indirectly that concrete modified with a 20% Mo tailing content 
achieved good frost resistance. 

3.3.2. Porosity changes under different numbers of freeze–thaw cycles 
According to the evaluation based on mass-loss rate and relative dynamic elastic modulus, M20C (20%) had the best frost resistance. 

In this study, the porous structure of M20C in the freeze–thaw cycles was analysed. 
The proportion of internal pore volume and the variation curves of total pore numbers in M20C under freeze–thaw cycles are shown 

in Fig. 12. The proportion of internal pore volume was divided into five ranges: < 0.01 mm3, 0.01–0.1 mm3, 0.1–1 mm3, 1–10 mm3, 
and ≥ 10 mm3 [38–41]. With the increase in freeze–thaw cycles, concrete specimen surfaces began to peel off. Such surface peeling 
was severe after reaching a certain number of cycles. Because the volume of concrete specimens changed continuously, the porous 
structural evolution in the freeze–thaw cycles was analysed by the proportion of pores. Before freeze–thaw cycles (0 cycles), the 
proportions of pores in five size ranges of (<0.01 mm3, 0.01–0.1 mm3, 0.1–1 mm3, 1–10 mm3, ≥10 mm3) decreased gradually. Before 
50 freeze–thaw cycles, the proportions of pores of < 0.01 mm3 and 0.01–0.1 mm3 were relatively high. At 100–150 freeze–thaw 
cycles, the proportion of pores of < 0.01 mm3 was the highest, followed by the proportion of pores of 1–10 mm3. Generally speaking, 
pores of < 0.01 mm3 in Mo-tailing-modified concretes predominated before 150 freeze–thaw cycles. With the increase in freeze–thaw 
cycles, the proportions of pores of < 0.01 mm3, 0.01–0.1 mm3, and 0.1–1 mm3 in the M20C specimens generally had a descending 
trend, whereas the proportions of pores of 1–10 mm3 and ≥ 10 mm3 increased continuously. That showed that the internal structure of 
Mo-tailing-modified concretes degraded continuously in the freeze–thaw cycles, and small pores gradually evolved into large ones. 

The porosity variations in various groups at 0 and 50 freeze–thaw cycles are shown in Fig. 13. The middle ICT scanner results of the 
specimens and 3D structural images of the pores are shown in Fig. 14. Combining Figs. 13 and 14 shows that the porosity of specimens 
increased gradually with the increase in freeze–thaw cycles. The blue part in the left represents the extracted pores, and different 
colours in the right show the 3D structure distribution of different volume size pores in concrete.(The pore volume <0.01 mm3 is 
represented by red, 0.01–0.1 mm3 is represented by yellow, 0.1–1 mm3 is represented by blue, 1–10 mm3 is represented by green, and 
≥10 mm3 is represented by white.) That was because the expansive force increased continuously as the pore water froze, thus 
increasing the pore sizes in the specimens. Under repeated freeze–thaw cycles, the number of internal pores in the specimens increased 

Fig. 9. Variation curves of relative dynamic elastic modulus.  
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Fig. 10. Mass-loss rates of concrete prismoid specimens with various Mo tailing contents.  
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Fig. 11. Dynamic elastic modulus of concrete prismoid specimens with various Mo tailing contents.  

Table 6 
Porosity and variations.  

Times RC (0%) M10C (10%) M20C (20%) M25C (25%) M30C (30%) 

Porosity Variations Porosity Variations Porosity Variations Porosity Variations Porosity Variations  

0  0.374  98.6%  0.233  74.9%  0.080  30.2%  
0.131 

41.8%  0.281  69.5%  

50  0.743 0.408  0.104 0.186  0.476  
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Fig. 12. Variations in internal pore volumes of M20C specimens under various numbers of freeze–thaw cycles.  

Fig. 13. Variations in internal pore volumes of different Mo tailing contents specimens under at 0 and 50 freeze–thaw cycles.  
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continuously. Specifically, the number of large pores increased continuously, which was the primary cause of the specimens’ failure. 
Using Mo tailing material as a binding material strengthened the internal bonding of concrete and significantly increased water 
migration. As a result, pores were filled in, and the pore water content decreased. The expansion stress resistance of the specimens 
under freeze–thaw cycles increased significantly. 

4. Conclusions 

In this study, concrete compressive strength and freeze–thaw cycle tests were done to study the age compressive strength and 
antifrost properties of concretes with different Mo tailing contents. A micro-analysis of freeze–thaw degradation of Mo-tailing- 
modified concretes was done by using ICT scans to determine the internal degradation and evolutionary of concrete porous struc-
tures under freeze–thaw cycles. Some major conclusions could be drawn: 

1. According to different standard curing times compressive test results, Mo tailing material can increase concrete compressive 
strength. The concrete compressive strengths at all times demonstrate that the best compressive strength can be achieved when the Mo 
tailing content is approximately 20%. With collaborative considerations of different standard curing times compressive strength and 
Mo tailing content, the relation of the different standard curing times of Mo-tailing-modified concretes to their compressive strength 
were summarised, which provides a basis for practical applications of Mo tailing material. 

2. The freeze–thaw cycle test results show that Mo tailing material can obviously improve the frost resistance of concrete. When Mo 
tailings were added, the mass-loss rate and relative dynamic elastic modulus loss rate of concrete both decreased to some extent under 
different numbers of freeze–thaw cycles. Moreover, the mass-loss rate was no higher than 5%, and the dynamic elastic modulus did not 
decrease to lower than 60%. According to the antifrost properties of concrete cubic specimens under different freeze–thaw cycles, the 
best antifrost properties were achieved when the Mo tailing content was approximately 20%. 

3. Based on a CT analysis, the pore volume fraction of concrete specimens with different Mo tailing contents had showed a trend of 
decreasing at first and then increasing, which reached the minimum when the Mo tailing content was 20%. For concrete specimens 
with a 20% Mo tailing content, porosity was positively related to the number of freeze–thaw cycles. With the increase in freeze–thaw 

Fig. 14. Middle ICT scanner results of M20C and 3D structural images of pores.  
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cycles, the proportion of internal pores changed accordingly, and small pores developed into large pores, thus gradually increasing the 
number of cracks and degrading the performance of the concrete. 

4. According to the analysis of the above, when molybdenum tailings are used to replace fly ash to prepare modified concrete, the 
active components in molybdenum tailings, such as SiO2, will react with Ca(OH)2 to promote the hydration of concrete, thus improving 
the strength of concrete. At the same time, the addition of molybdenum tailings fills the pores in the concrete, reducing the porosity. 
Therefore, the internal structure is more compact, which improves the frost resistance of the concrete and delays the deterioration 
caused by the freeze-thaw cycle. 
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