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Abstract

:

In order to study the feasibility and sand substitution mechanism of cement mortar mixed with iron ore tailings (IOT), iron ore tailings cement mortars (referred to as IOTC) with IOT content of 0%, 25%, and 50% were made and tested. First, the basic properties of IOT used were measured to verify the theoretical feasibility. Second, the uniaxial compressive and tensile strengths, as well as the crack resistance performance of IOTC under different curing ages and different sand substitution rates were tested. Third, the techniques of inductively coupled plasma atomic emission spectrometry (ICP-OES), X-ray diffraction (XRD), nuclear magnetic resonance (NMR), scanning electron microscopy and energy-dispersive spectroscopy (SEM-EDS) were used to study the influence of curing age and different sand substitution rates on the chemical, mineralogical, and microstructural characteristics of IOTC. The sand substitution mechanism of IOT was then discussed. The research results proved the feasibility of using IOT to substitute standard sand in cement mortar. Within substitution rate of 0–50%, the mechanical properties increased with the increase of substitution rate. Though limited chemical effects were found by adding IOT, in comparison with standard sand mortar, more hydration products were found and the pore size distribution was changed for IOTC, which corresponds to its mechanical improvement.






Keywords:


cement mortar; iron ore tailings; solid waste utilization; mechanical properties; microstructure












1. Introduction


The implementation of China’s national carbon peaking and carbon neutrality goal has made the clean utilization of secondary resources and metallurgical waste an urgent need. Tailings are the largest source of waste after metallurgical beneficiation and extraction [1,2], of which iron ore tailings (IOT) account for the biggest proportion [3,4]. Due to the lack of effective treatment, the accumulation of IOT not only occupies a lot of land resources, but also pollutes the environment. At present, the following methods are mainly used to comprehensively recycle tailings [5,6]: backfilling in mines with lower performance requirements; using as raw materials for various building materials; or further recycling of valuable metals. However, how to improve the utilization rate of IOT is still a big challenge.



Concrete and cement mortar are important building materials in the engineering field, and natural river sand or machine-made sand are important raw materials. The reserves of natural river sand are depleted due to long-term exploitation, and machine-made sand is more suitable for small-scale laboratory use due to its high cost. Therefore, it is also urgent to find alternative sources of sand [7,8].



The main components and physical forms of IOT sand are similar to those of machine-made sand, and it has the potential to replace river sand [9,10,11], which can not only reduce production costs, but also realize the waste utilization of IOT. In recent years, great progress has been made in this field. IOT sand was first used by Huang et al. [12] as a mortar fine aggregate to make iron ore tailings cement mortar (IOTC), and researchers compared its performance with natural sand cement mortar, confirming the availability of using IOT to replace natural sand as a fine aggregate. It is proved that the high strength of IOT itself as a skeleton improves the mechanical properties of the mortar. Siddique et al. [13] concluded that the addition of a small amount of tailings sand (10%) could fill the micropores to reduce the internal porosity of the cement mortar, and the durability of the cement mortar was also improved. In addition, the potentially active substances in IOT undergo secondary hydration under alkaline conditions, reacting with calcium hydroxide to form calcium silicate hydrate (C-S-H), which causes the internal structure of the mortar to be more compact and improves its mechanical strength. Wu and Liu [14] used scanning electron microscopy (SEM) to observe the microscopic morphology of IOTC. Zhang et al. [15] captured the morphology and element changes of the aggregate-matrix interface between IOT sand and natural sand in different gel materials, confirming the “volcanic ash effect” of IOT.



The feasibility of replacing natural river sand with IOT to make cement mortar has been confirmed in the literature [16,17,18]. Due to the multi-angle and high micro powder content of IOT sand, the fluidity of the mortar will be affected, but its strength will not be weakened. At present, most research focuses on the influence of IOT sand content on the basic mechanical properties of concrete and cement mortar [19,20]. There are few in-depth studies on the sand substitution mechanism of tailings, or comprehensive analyses of the mechanism of internal active hydration products and inert pore size distribution.



For the sake of description, the secondary reaction between the active material in the IOT and the cement hydration products, as well as the enhancement of the cement hydration reaction, are referred to as the “chemical effects” of IOT. The “chemical effects” vary over time. Second, the filling effect, micro-aggregate effect, and water reduction effect of tailings and inert materials are called the “physical effects,” which do not change over time, but are determined by the tailings mix.



In this study, based on the results of existing studies, the IOT sand from Shangluo, Shaanxi Province, China, is used. Firstly, its basic properties are analyzed to verify the theoretical feasibility of it replacing standard sand in cement mortar. Secondly, mortar specimens with different curing ages of 3 d, 7 d, 28 d, 120 d and sand substitution rates of 0%, 25%, and 50% were prepared. The effects of sand substitution rate and curing age on the mechanical properties, such as uniaxial compressive strength uniaxial tensile strength, and crack resistance performance were analyzed to confirm the feasibility of IOT sand substitution. The changes of internal hydration products and their relative contents at different curing ages after incorporating IOT tailings were analyzed to explore the “chemical effects”. The “physical effects” with regard to the internal pore structure of IOTC were also discussed. The research results provide potential references for engineering project cost reduction and tailings solid waste utilization.




2. Materials and Test Methods


2.1. Materials


(1) Fine aggregate. The machine-made standard sand (Xiamen ISO Standard Sand Company Limited, Xiamen, China) was used, including three gradations: coarse sand, 1.0–2.0 mm; medium sand, 0.5–1.0 mm; and fine sand, 0.08–0.5 mm. A full bag of standard sand is about 1350 g, with each gradation comprising 450 g. Additionally, the whole bag was used to ensure that the standard gradation remained unchanged during preparation. The IOT sand used in the test was from iron tailings in Zhashui County, Shangluo City, Shaanxi Province. The IOT sand was yellowish-brown in color, and had rough surfaces with many edges and corners.



(2) Cement. The P·O 42.5 ordinary cement (Jidong Cement Company Tangshan, China) was used, which has compressive strengths of 30.5 MPa and 59.1 MPa, and flexural strengths of 4.8 MPa and 8.6 MPa for 3d and 28d curing ages (provided by the Jidong Cement Company), respectively.



(3) Water. Laboratory tap water was used.



(4) The water–cement ratio was 0.45, and the cement–sand ratio was 1:3. According to China Specification GB/T 17671-1999 [21], the mix ratio of different compositions is shown in Table 1. The samples of CM, IM1, and IM2 correspond to the sand substitution rates of 0%, 25%, and 50%, respectively. Prefixes of T, S, W, and O correspond to different curing ages of 3 d, 7 d, 28 d and 120 d respectively. For example, SIM1 represents the mortar sample with a curing age of seven days and a 25% sand substitution rate.




2.2. Test Methods


The experimental investigations include mechanical, chemical, mineralogical, and microstructural tests. Mechanical tests include a uniaxial compressive test, uniaxial tensile test, and fracture test.



The chemical test uses inductively coupled plasma atomic emission spectrometry (ICP-OES). The mineralogical test is X-ray diffraction (XRD), and the microstructural tests use nuclear magnetic resonance (NMR) and scanning electron microscopy and energy-dispersive X-ray spectroscopy (SEM-EDS). To analyze the “chemical effects”, the ICP-OES test can be used to infer the internal chemical reactivity of the specimens. Combined with XRD results, this can demonstrate the effect of tailings incorporation on the internal chemical reactivity of the mortar. NMR and SEM results can be used to obtain the internal pore and microstructure changes of the mortar to analyze the “physical effects”, so as to explore the mechanism of tailings substitution for sand and to get a full response to the change in mechanical properties.



2.2.1. Mechanical Tests


The uniaxial compressive test and uniaxial tensile test of the mortar specimen were carried out following the Chinese standard “Test code for hydraulic concrete” (SL/T352-2020) [22]. The compressive test specimen was a cube specimen with a side length of 70.7 mm. The tensile test specimen was prepared in an 8-shaped mold, as shown in Figure 1a, where A = 22.2 mm, B = 52.0 mm, C = 78.0 mm, D = 22.5 mm, and E = 0.5 mm. According to the recommendations of the International Society of Rock Mechanics [23], the semicircular bend (SCB, Figure 1b) test was used to determine crack resistance performance of mortar specimens, with radius R = 25 mm, thickness t = 20 mm, span length S = R = 25 mm, and slit width a = 0.4R = 10 mm. All samples were tested after the curing ages of 3 d, 7 d, 28 d, and 120 d with the curing conditions [22] of temperature at 20 °C ± 1 °C, and relative humidity of 90%.




2.2.2. IOT Characteristics


X-ray fluorescence spectrometry (XRF) was used to identify the chemical composition of the IOT, by using Axios (PANalytical, Netherlands). A Mastersizer 2000E laser particle sizer (Malvern, Malvern, UK) was used to measure the particle size and gradation distributions of the IOT tailings, and the test conditions were test range of 0.02–2000 μm, scanning rate of 1000 times/second, measuring time of 1 sample / 5 min.



The clay content of the IOT had been tested by the steps outlined in Figure 2 and Formula (1), and the density of the IOT had been tested according to the China Specification GB/T 14684-2022 [24].


   Q a  =    G o  −  G 1     G 0    × 100  



(1)




where Qa is the clay content of the sample (%); G0 is the mass of the specimen dried before the test (g); G1 is the mass of the specimen dried after the test.



The flow value of IOTC was tested according to the GB/T 2419-2005 by using flow table [25]. The average of three measurements was used for determination of flow values.




2.2.3. Inductively Coupled Plasma Atomic Emission Spectrometer (ICP-OES)


The ion leachate from mortar specimens with different IOT mixtures at different curing ages was tested and analyzed by an inductively coupled plasma atomic emission spectrometer (ICP-OES) from ARCOS (Spectroscout, Kleve, German) to study the chemical interaction of IOT and the cement hydration products.



The samples were prepared by knocking and grinding the specimens from previous mechanical tests. According to the Chinese “Standard for Geotechnical Test Methods” (GB/T50123-2019) [26], 60 g specimens were mixed with 300 g of deionized water to make various types of specimen leaching solutions. The detailed flow chart is shown in Figure 3.




2.2.4. X-ray Diffraction (XRD)


A D8 ADVANCE A25 X-ray diffractometer (Bruker, Billerica, MA, USA) with CuKa radiation (40 mA and 40 KV) was used to analyze the internal components of mortar with different IOT at 7 d and 28 d. The samples were soaked in anhydrous ethanol for three days to stop the hydration and were dried at 60 °C for 1 h; then, the samples were crushed and ground, and passed through a 74 μm sieve. An appropriate amount of sample was placed on a slide, flattened, and compacted. Data were collected in 0.02° steps at a scanning speed of 5° per minute and a scanning range of 5 to 80°. The software jade6.5 (MDI Corporation, California, USA) was used for phase identification.




2.2.5. Nuclear Magnetic Resonance (NMR)


Cylindrical φ50 mm × 50 mm specimens with different IOT at 7 d and 28 d were prepared. The principle of the NMR test is to collect the pore water signal inside the specimen. Thus, the mortar specimens need to be vacuum saturated before testing. A MacroMR12-110V-I NMR analyzer (Niumag, Suzhou, China) from the Water Engineering Safety Research Center of Northwest Agriculture and Forestry University was used.




2.2.6. Scanning Electron Microscopy and Energy-Dispersive Spectroscopy (SEM-EDS)


Specimens with different dosing levels were tested after 7 d and 28 d of curing age using a Zeiss Sigma 300 scanning electron microscope (Zeiss, Oberkochen, German). The specimens were selected from the crushed material with diameter d ≤ 5 mm and thickness t ≤ 5 mm after mechanical tests, and directly glued to the test bench with conductive adhesive after vacuum gold coating to observe the internal morphology and microstructure of the mortar. The internal elemental contents were tested using the accompanying Energy-Dispersive X-ray Spectroscopy (EDS). Spot scans were performed for each of these samples for four times.






3. Results and Analysis


3.1. IOT Analysis


The results of the ICP-OES ion analysis are shown in Table 2, in which the ion content units are ppb and ppm, where ppm is equal to mg/mL, and ppb is one-thousandth of ppm. We mainly focused on ppm level elements, such as Mg, Ca, K, S, and Na. According to the ion detection results, the content of heavy metals in IOT was very low. This content is not high enough to cause harm to the environment or to human health, and would not have a significant impact on the use function of mortar. At the same time, it provides a reference for the phase analysis of IOT that follows below.



The obtained XRD patterns are shown in Figure 4. From Figure 4, it can be seen that the main material components of iron tailings are quartz (SiO2), calcite (CaCO3), hematite (Fe2O3), and albite (NaAlSi3O8). The chemical composition of IOT determined by XRD and the chemical composition of the ISO sand provided by the manufacturer are shown in Table 3. The physical parameters of IOT and ISO sand are shown in Table 4; all the parameters of ISO sand are provided by the manufacturer, and the parameters of IOT sand had been tested.



Particle size gradation: The sieve curves of IOT sand and standard sand are shown in Figure 5. The ISO standard sand is within the curve range of gradation zone II, and the IOT sand is within the curve range of gradation zone III. Figure 6 shows the particle size gradation curve of IOT sand [24].



Combined with the above results, the fineness modulus μf of the IOT sand is 1.81, similar to the fine sand used in construction sand. Thus, it can be used as a fine aggregate to replace a portion of the ISO standard sand as a construction material.




3.2. Mechanical Tests


3.2.1. Mechanical Tests Analysis


All mechanical tests were performed on a microcomputer-controlled electronic universal testing machine, in which the uniaxial tensile test was loaded with a displacement control of 0.2 mm/min; the SCB three-point bending test was loaded with a displacement of 0.05 mm/min, and the uniaxial compression test was loaded with a load control of 0.3 MPa/s. The load and loading curves of the specimens at fracture were recorded, and the corresponding tensile and compressive strengths and ultimate fracture loads were calculated. Figure 7a–c shows the mechanical test results of each test specimen, and Figure 7d shows the comparison of the compressive strength at 28d with the results obtained by other authors.



It can be seen from Figure 7a–c that at the early ages (3 d, 7 d), the compressive strength (fc), tensile strength (ft), and ultimate fracture load (Pmax) of the specimens all decreased slightly after adding tailings, but when the curing age was increased, the fc, ft, and Pmax of the specimens increased rapidly; when the age reached 28 d and 120 d, the fc, ft, and Pmax of the specimens all increased with the increase in the tailings substitution rate.



As can be seen in Figure 7d, similar conclusions have been obtained by other authors [20,27]. The use of iron tailings when replacing the aggregates of the mortar resulted in an enhancement of the compressive strength of the specimens at 28 d, and the enhancement increased after increasing the adding of IOT. It is worth mentioning that the difference in strength between these authors is caused by the different materials used but the trend is similar.




3.2.2. The Strength Activity Index a


The strength activity index a is used for the indirect analysis of the hydration activity of IOT incorporation, which is defined as follows [28,29]:


   α =  f   f  0 %         or   α =  P   P  0 %       



(2)




where f and P are the strength values corresponding to a certain age after mixing with tailings, while f0% and P0% are the strength values corresponding to the specimens that remain unmixed with tailings at the same age.



Figure 8 shows the compressive strength activity index ac, tensile strength activity index at, and cracking resistance activity index aF. Larger values indicate higher activity of the tailings in the corresponding mechanical properties. It can be seen from Figure 8 that the strength activity indices at the standard age of 28 d and the late age of 120 d are higher than those at the early age (3 d and 7 d), while the strength activity indices at 28 d and 120 d increase as the amount of tailings in the admixture increases, indicating that more iron tailings are beneficial at later ages from the perspective of the mechanical strength activity index alone, as is also seen in other works [30,31,32].




3.2.3. The Strength Development Coefficient Index β


In addition, the strength development coefficient β is defined as the ratio of the mechanical strength of each type of specimen at different ages to its corresponding strength at 28 d [33]. It can be used to study the mechanical strength of different specimens according to the curing age history. By definition, before the age of 28 d, β < 1; a smaller β indicates more obvious growth in strength from this age to the standard age. After the age of 28 d, β > 1; a larger β indicates more obvious growth in strength after the standard age. Figure 9 shows the mechanical strength development coefficients for each type of specimen: βc, βt, and βF are compressive strength development coefficient, tensile strength development coefficient, and cracking resistance development coefficient, respectively.



From Figure 9, it can be seen that the β of all types of specimens after tailings incorporation are smaller than the β of specimens without tailings incorporation at the early stages (3 d, 7 d). There is an opposite trend (greater strength development for IOTC) for the curing age of 120 d, and the magnitude increases with the increase of IOT incorporation. In Figure 9a, the βc for the 50% iron tailings mix is smaller at three days, while the βc for the 25% iron tailings mix is smaller at seven days, and they are all smaller than those of specimens without tailings at the same age. At 120 days, the βc for the 50% iron tailings mix is larger than that for the 25% mix. In Figure 9b, we can notice that βt decreases with the increase of IOT incorporation at early ages (3 d, 7 d), and for the 50% admixture at 120 d curing age it reaches its highest value of 112%. In Figure 9c, the βF corresponding to 25% tailings admixture at early age reaches the minimum value, and βF corresponding to 50% at 120 d age obtains the maximum value. This indicates that the incorporation of IOT in the early stage of hydration will reduce the mechanical properties of the specimens, but can improve the growth capacity of the corresponding properties. At the early ages, this growth capacity is not positively correlated with the quantity of tailings incorporation, while after the standard age of 28 d, increasing the quantity of tailings will be more conducive to the development of strength.



In summary, before the 28d of curing age, the optimal quantity of IOT incorporation should be between 25–50%. In this interval, IOT can optimize aggregate gradation [34,35]. In addition, the optimal quantity of tailings is also related to the mechanical test type and sample size. With the increase of curing age, increasing IOT incorporation will further improve the hydration activity index (a) and mechanical performance improvement capacity (β).





3.3. Chemical, Mineralogical, and Microstructural Tests


3.3.1. Chemical Test


In order to study the internal chemical reactivity of the cement mortar after the adding of IOT, IOTC samples with a sand replacement rate of 0%, 25%, and 50% were cured at different ages: 3 d, 7 d, and 28 d, respectively. The ICP-OES ion analysis test was conducted to obtain the concentration changes of the main ions (Ca2+, K+, Al3+, Si4+), as shown in Figure 10.



From Figure 10, the concentrations of free-state Ca2+ and K+ ions are higher, while the concentrations of Al3+ and Si4+ ions are lower. The ions of Ca2+ and K+ decrease with the increase of curing age, and the main reason may the decrease in the concentration of internal free-state ions caused by the precipitation of more hydration products. For Ca2+, the incorporation of IOT had less influence on the trend of its content according to curing age, and Al3+ ions and Si4+ also showed a similar pattern. Thus, IOT without any treatment has limited influence on the chemical reactions inside the cement mortar. When a given content of ISO sand was replaced by IOT, the hydration reaction inside the mortar was not significantly changed.




3.3.2. Mineralogical Test


To further investigate the “chemical effect” of IOT incorporation on the internal chemical reactivity of mortar, an analysis was carried out from the perspective of physical phase transition. After 7 d and 28 d of curing ages, XRD tests were conducted. The XRD patterns are shown in Figure 11, and Table 5 shows the peak intensity of the main phases of each mortar sample.



It can be seen from Figure 11 that the main phases in the mortar samples of various ages and different substitution rates are calcite (CaCO3), silicon dioxide (SiO2), portlandite (Ca(OH)2), ettringite (AFt), and alite(C3S);



In Table 5, the phase of C3S is the main component of cement clinker and plays an important role in the early hydration of cement. At the same age, the intensity of C3S diffraction peaks tends to increase with the increase of added IOT, while the highest diffraction peak of SiO2 tends to decrease with the admixture of tailings. AFt, Ca(OH)2, and CaCO3 are the main components of cement hydration products, and the relative content of hydration products can be indirectly determined by their peak strengths [36,37,38]. Numerous research studies have concluded that AFt and CaCO3 have a significant influence on the mechanical behavior of cement and cement mortar [39,40,41]. For the diffraction peak at 9.1°, tailings incorporation and longer curing age enhance AFt’s diffraction peak intensity, with the highest peak of WIM1 reaching 749, but the overall variation is insignificant. Similarly, there is no significant change in the peak intensity of AFt in the diffraction peaks corresponding to 15.5° and 23.1°.



The variation of the diffraction peak intensity of CaCO3 also shows a similar pattern to AFt, with a small overall variation, and the highest value of 589 for the WIM1 group. The phase of Ca(OH)2 in cement is a hydration product of cement, with laminar results and lamellar morphology, which contributes less to the strength and may also be the origin of cracks when stressed. The intensity of Ca(OH)2 diffraction peaks is shown in Table 5, which shows that it decreases significantly with the increase of IOT incorporation and curing age (except for the mutation in WIM1).



In summary, the XRD results are consistent with the results of the ion concentration analysis. The incorporation of tailings slightly enhances the hydration reaction, and the peak intensity of the diffraction peaks of the main hydration products such as Ca(OH)2, AFt, and CaCO3 are slightly increased. However, the overall change is very small, and the incorporation of IOT does not significantly increase the hydration. The chemical activity of the tailings without active excitation treatment is quite low. The improvement of mechanical properties may be due to the higher strength of IOT itself as a skeleton.




3.3.3. Microstructural Tests


NMR Test


The previously prepared test specimens were cured under the same conditions for 7 d and 28 d, and then subjected to nuclear magnetic resonance (NMR) tests. The results for overall porosity are shown in Table 6. At different curing ages, the incorporation of IOT effectively reduced the porosity of the IOTC specimens. In specimens with the same IOT content, the change in age had less effect on the porosity.



The T2 spectral area is positively correlated with the amount of liquid contained in the mortar pores, which means that the variations in the T2 spectral distribution can reflect the changes in pore volume. In the T2 spectral distribution graph, the transverse X-axis indicates the relaxation time, which is proportional to the pore size: the longer the relaxation time, the larger the pore size. The longitudinal Y-axis indicates the pore signal intensity: the stronger the signal, the greater the number of pores [42,43]. The T2 spectrum of each specimen is shown in Figure 12.



The T2 peaks of each mortar specimen in Figure 12 all have four peaks, including one main peak and three subpeaks. The positions of the main peaks are all at the short relaxation time—that is, the main peak is for the small pore size and the three subpeaks are for the large pore size. The areas of the main peaks are shown in Figure 13. The peak values and total areas of the main peak are both larger than those of the subpeaks, indicating that the volume and number of small pores are the largest and the volume and number of large pores are smaller in each mortar specimen. In addition, the area of each peak of the T2 spectrum gradually decreases with the increase of IOT incorporation, demonstrating that the total number of internal pores as well as porosity are gradually decreasing, which is consistent with the mechanical test results.



The “chemical effect” of IOT on pores can be indirectly assessed from the perspective of curing age. Figure 14 shows the T2 spectra of the mortar specimens with the same IOT substitution rate at different ages.



Using the CM group without tailings as the reference group, with the prolongation of the curing age, the level of microporosity decreases in the CM group, and the number of medium and large pores does not change much. The IM1 group with 25% sand substitution rate shows a little change in microporosity, but the number of medium-sized pores decreases, and large-sized pores increase. The IM2 group with 50% sand substitution rate shows an increase both in the microporosity and number of large pores, while the number of medium-sized pores decreases. However, the magnitude of the changes in these two IOTC groups is much smaller than in the CM reference group.



Combined with the aforementioned results, in general, the variation of the internal pores of the specimens according to curing age is small, and the effect of the internal pores of the test group by age is much less than the effect of the IOT substitution.



To further analyze the effect of IOT incorporation on the pore size and distribution of the internal pores, the T2 spectrum distribution map was transformed into a pore size distribution map. According to the NMR principle, the relationship between the chirality time and the internal pores of the material can be simplified and expressed as follows [44,45]:


   1   T 2    = ρ  S V   



(3)




where ρ is the relaxation coefficient of the material, S is the surface area of the pores, and V is the volume of the pores, assuming that the pores in the mortar specimen are ideal spheres. Taking the chirality strength of the mortar as ρ = 12 μm/s according to the literature [46], the conversion relation between the pore radius and T2 can be obtained:


  R = 36    T 2   



(4)







The pore volume occupied by pores corresponding to a certain pore size is [47]:


   V i  =    A i     ∑ A       m s  −  m d     ρ w     



(5)




where Ai is the NMR signal intensity corresponding to a certain T2 value, ms is the mass of saturated specimen, md is the mass of dried specimen, and ρw is the density of water, which is taken as 1.0 g/cm3.



According to Equations (3)–(5), the T2 spectral curve of mortar specimens can be converted into a pore size distribution curve, as shown in Figure 15. The specific pore size distribution inside the specimen was obtained based on the pore size distribution curve, which is shown in Table 7. From Figure 15 and Table 7, it can be seen that, at the early age, the admixture of tailings makes the minimum pore size inside the mortar gradually larger, the maximum pore size smaller, and the pore size distribution more concentrated. The specimens at 28 d also show the same trends.



The different types of pore sizes inside the mortar can be divided into [48]: gelling pores, R < 10−2 μm, with a relaxation time T2 < 1 ms; capillary pores, 10−2 μm < R < 5 μm, with a relaxation time 1 ms < T2 < 500 ms; and noncapillary pores, R > 5 μm, with a relaxation time T2 > 500 ms. Figure 16 shows the distribution of pore size types inside the mortar specimens. Gelling holes were found only in the CM group, indicating that micronized powder filled the gelling pores, resulting in a significant decrease in the percentage of small-sized pores, while the percentage of noncapillary pores decreased with curing age. After the addition of IOT, the gelatified pores disappeared, and the percentage of noncapillary pores increased with curing age for different IOT substitution samples, while the percentage of capillary pores gradually decreased. For different IOT substitution samples of the same age, the percentage of noncapillary pores first increased and then decreased with the increase of IOT substitution. This is related to both curing age and the adding of IOT.



The above results show that the incorporation of IOT reduces the number and volume of pores inside the specimens, and the specimens have better mechanical properties, mainly due to the filling effect of IOT. In addition, the incorporation of tailings also makes the pore size distribution more concentrated.




SEM-EDS Test


Figure 17 shows the internal microscopic morphology and energy spectrum of the specimens at 7 d and 28 d of curing age. P1 to P6 in the figure are the points presented by EDS spectra.



From Figure 17a–c, it can be seen that all the mortar specimens of have richer hydration products at 7 d, with a large number of stacked or lumpy Ca(OH)2 and flocculent C-S-H gels between the lumpy Ca(OH)2. Similarly, in Figure 17d–f, the hydration products at 28 d are also lumpy Ca(OH)2 and flocculent C-S-H gels, and there were no more obvious differences in the quantities and types of hydration products among the samples.



The EDS results on the right side of each subplot show the elemental composition (Wt% and At% omic) of the left side plot. O, Ca, Si, Al, and Na are also presented in the six subplots. At the same curing age, with the increase in IOT substitution, the mass proportion of Si element in the EDS results decreases and the mass proportion of Al element increases, which may because of the less content of SiO2 in IOT than that of ISO sand.



The micromorphology results show that the incorporation of IOT has limited influences on the hydration products. The change of internal elemental content may be caused by the “physical effect” of IOT, which is consistent with the ICP-OES results and XRD results.







4. Conclusions


The effects of IOT incorporation on the mechanical properties and microstructure of cement mortars were investigated by uniaxial compressive test, uniaxial tensile test, and fracture test, ICP-OES, XRD, NMR, and SEM-EDS tests, and the effects of curing time were considered. The following conclusions were reached:




	(1)

	
The IOT sand belongs to the category of fine sand and can partly substitute river sand to produce cement mortar and concrete.




	(2)

	
In the 0–50% IOT substitution rate tested in this paper, though the early strength was not enhanced by IOT incorporation, the potential strength improvement was obvious, especially for curing ages of 28 d and 120 d.




	(3)

	
Though limited chemical effect was found by adding IOT, in comparison with ISO sand mortar, the pore size distribution was changed for IOTC, which corresponds to its mechanical improvement.




	(4)

	
It is feasible to use IOT as construction material, with benefits both for solid waste utilization and engineering construction cost reduction.
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Abbreviations


List of symbols:



	μf
	Fineness modulus



	fc
	Uniaxial compressive strength (unit: MPa)



	ft
	Uniaxial tensile strength (unit: MPa)



	Pmax
	Ultimate fracture load (unit: N)



	ac
	Uniaxial compressive strength activity index (unit: %)



	at
	Uniaxial tensile strength activity index (unit: %)



	af
	Ultimate fracture load activity index (unit: %)



	βc
	Coefficient of development of uniaxial compressive strength (unit: %)



	βt
	Coefficient of development of uniaxial tensile strength (unit: %)



	βf
	Coefficient of development of ultimate fracture load (unit: %)



	T2
	Relaxation time (unit: ms)



	ρ
	Relaxation strength (unit: μm/s)



	S
	Pore surface area (unit: mm)



	V
	Pore volume (unit: mm3)



	R
	Pore body radius (unit: μm)



	Vi
	The percentage of pore volume occupied by pores of a given pore size (unit: %)



	Ai
	NMR signal intensity corresponding to a certain T2 value



	ms, md
	The quality of saturated sample, the quality of dried samples, respectively (unit: g)



	ρw
	The density of water (unit: g/cm3)
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Figure 1. (a) the 8-shaped mold; (b) semicircular bend specimen. 
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Figure 2. Clay content testing. 
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Figure 3. ICP-OES testing. 
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Figure 4. XRD patterns of IOT. 
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Figure 5. Sieve margin curve of IOT sand and ISO sand. 
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Figure 6. Particle size curve of IOT sand. 
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Figure 7. Mechanical test results of mortar with different ages: (a) uniaxial compressive strength; (b) uniaxial tensile strength; (c) ultimate fracture loads of SCB specimens; (d) comparison of compressive strength at 28 d. 
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Figure 8. Strength activity index a of samples: (a) the compressive strength activity index ac; (b) the tensile strength activity index at; (c) the cracking resistance activity index aF. 
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Figure 9. Development coefficient of strength for each category: (a) βc; (b) βt; (c) βF. 
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Figure 10. The concentration changes of the main ions: (a) Ca2+; (b) K+; (c) Al3+; (d) Si4+. 
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Figure 11. XRD patterns of different specimens: (a) 7 d; (b) 28 d. 
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Figure 12. T2 spectrum of different specimens: (a) 7 d; (b) 28 d. 
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Figure 13. Peak areas of the sample. 
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Figure 14. Distribution of T2 spectra of specimens with ages of the same sand rate generation. 






Figure 14. Distribution of T2 spectra of specimens with ages of the same sand rate generation.



[image: Buildings 13 00149 g014]







[image: Buildings 13 00149 g015 550] 





Figure 15. Specimen pore size distribution curve: (a) 7 d; (b) 28 d. 
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Figure 16. Type distribution of pore size in samples. 
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Figure 17. SEM-EDS results of different specimens: (a) SCM; (b) SIM1; (c) SIM2; (d) WCM; (e) WIM1; (f) WIM2. 
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Table 1. Mix ratio of cement mortar with different compositions, kg/m3.
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	Sample
	Water
	Cement
	Sand
	Tailings
	Substitution Rate
	Flow Value (mm)





	CM
	205
	455.56
	1366.67
	0.00
	0%
	210



	IM1
	205
	455.56
	1025.00
	341.27
	25%
	185



	IM2
	205
	455.56
	683.33
	683.33
	50%
	160







Rate means IOT replacement rate.
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Table 2. ICP-OES ion analysis results.






Table 2. ICP-OES ion analysis results.





	
Element

	

	
Mg

	
Ca

	
K

	
S

	
Na

	
Fe

	
Mn

	
Zn

	
Cu

	
B

	
Al






	
Content

	
Unit

	
ppm

	
ppm

	
ppm

	
ppm

	
ppm

	
ppb

	
ppb

	
ppb

	
ppb

	
ppb

	
ppb




	
Value

	
14.7

	
7

	
168

	
24.7

	
2.496

	
145

	
132

	
57.5

	
10.7

	
860

	
82.19
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Table 3. Chemical composition of IOT and ISO sand (unit: %).






Table 3. Chemical composition of IOT and ISO sand (unit: %).


















	
	SiO2
	Fe2O3
	Al2O3
	CaO
	MgO
	K2O
	Na2O
	SO3
	MnO2
	LOI





	IOT
	59.3
	12.86
	11.93
	4.95
	4.3
	2.34
	1.21
	0.58
	0.34
	2.14



	ISO sand
	>96
	<0.2
	<0.2
	<0.2
	<0.2
	<0.2
	<0.2
	<0.2
	<0.2
	<0.4
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Table 4. Physical parameters of IOT and ISO sand.
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	Apparent Density (kg/m3)
	Bulk Density (kg/m3)
	Clay Content (%)





	ISO sand
	2630
	1480
	<0.2



	IOT
	3110
	1590
	1.2
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Table 5. Peak intensity of the main peak phase of each mortar sample.
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AFt

	
Ca(OH)2

	
CaCO3

	
C3S

	
SiO2




	
Sample

	
9.1°

	
15.5°

	
18.1°

	
34.2°

	
23.1°

	
29.4°

	
32.1°

	
26.7°






	
SCM

	
574

	
301

	
782

	
609

	
264

	
481

	
300

	
4491




	
SIM1

	
592

	
311

	
613

	
423

	
258

	
476

	
401

	
2218




	
SIM2

	
672

	
333

	
535

	
405

	
312

	
485

	
1461

	
2052




	
WCM

	
622

	
298

	
705

	
552

	
265

	
496

	
295

	
4310




	
WIM1

	
595

	
279

	
1956

	
534

	
269

	
589

	
459

	
3077




	
WIM2

	
749

	
299

	
542

	
499

	
357

	
456

	
1167

	
1682
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Table 6. NMR analysis results of porosity.
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Group

	
Porosity (%)






	
7 d

	
SCM

	
11.40




	
SIM1

	
10.87




	
SIM2

	
8.99




	
28 d

	
WCM

	
10.94




	
WIM1

	
9.42




	
WIM2

	
8.94
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Table 7. Aperture distribution (unit: μm).
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Group

	
The Pore Size of First Peak

	
The Pore Size of Second Peak

	
The Pore Size of Third Peak

	
The Pore Size of Fourth Peak

	
MIN

	
MAX






	
7 d

	
SCM

	
0.01–0.05

	
0.15–0.78

	
2.72–12.64

	
25.40–135.54

	
0.01

	
206.01




	
SIM1

	
0.02–0.09

	
0.34–1.36

	
2.72–10.99

	
22.10–89.17

	
0.02

	
179.17




	
SIM2

	
0.02–0.05

	
0.06–0.17

	
0.34–1.36

	
2.37–9.56

	
0.02

	
155.84




	
28 d

	
WCM

	
0.01–0.04

	
0.11–0.59

	
1.79–8.31

	
29.20–135.54

	
0.005

	
272.33




	
WIM1

	
0.02–0.01

	
0.29–0.89

	
3.60–10.99

	
38.60–155.83

	
0.01

	
236.86




	
WIM2

	
0.02–0.04

	
0.13–0.44

	
1.56–6.29

	
16.71–67.46

	
0.01

	
236.86
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