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Abstract

:

The large temperature difference condition in Northwest China threatens a myriad of concrete structures during construction, with the daily temperature varying by around 40 °C. To investigate the macro-mechanical properties and microstructural characteristics of concrete containing different amounts of mineral admixtures under such harsh conditions, this investigation used an environmental chamber to simulate a saline soil erosion environment with a large temperature difference. Four types of concrete containing different proportions of fly ash and slag were prepared and exposed in the environmental chamber with a daily temperature change of −5~40 °C to investigate their compressive strength, flexural strength, and fracture properties. Moreover, the X-ray diffraction (XRD) characteristics, microscopic morphological characteristics, pore structure characteristics, and post-erosion chloride ion distribution characteristics were also observed and recorded. Results showed that the mineral admixture could improve the early strength development of the concrete and effectively improve the fracture performance of the concrete. The average compressive strength growth rate of concrete from day 3 to day 14 was 83.25% higher than that of ordinary concrete (OC) when 15% fly ash and 15% slag were added. In addition, the fracture energy of the concrete was maximized when 15% fly ash and 20% slag were added, which was 50.67% higher than that of OC; furthermore, the internal compactness and pore structure were optimized, and the resistance to saline soil erosion was strong. This provides a basis for the practical application of compounded mineral admixture-modified concrete in an arid environment with a large temperature difference and saline soil erosion.
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1. Introduction


Since the implementation of the “Western Development Strategy” and the “One Belt, One Road” initiative, infrastructure construction in the western part of China has been developing rapidly. A large number of infrastructure projects, including the “Qinghai–Tibet Railway”, have been built, and a large number of infrastructure projects, including the “South–North Water Transfer Project” and other water transfer projects, will be developed or are being developed in the western part of China. The western region is rapidly developing, both economically and socially. Infrastructure construction has made great progress, gradually resolving the issue of unbalanced and insufficient development in the east and west of China. The natural environment in the western region of China is complex and harsh, compared with mild climate areas, and there is a large temperature difference between day and night (the temperature difference between day and night in Xinjiang was previously close to 40 °C), low humidity, dryness, and other characteristics [1], which is not conducive to the development of concrete strength and durability. In dry and low humidity environments, early drying of concrete adversely affects the strength, impermeability, and durability of concrete. Moisture migrates and evaporates from within the concrete [2], which is not conducive to continued hydration reactions; the evaporation of water at an early stage leads to more shrinkage [3], and localized water loss increases capillary stresses, leading to further drying shrinkage [4]. The early heating during the hydration of concrete is affected by large changes in temperature [5], generating uneven temperature stresses, and as the temperature difference increases, the concrete becomes more susceptible to cracking [6,7] and its mechanical properties decrease as the number of cycles with a large temperature differences increases [8]. In addition, more than 1000 different types of salt lakes are located in the western region, and their surrounding saline soils are widely distributed [9] and contain a large number of aggressive ions, such as Cl− and SO42− [10]. As concrete has initial defects such as initial cracks and pores, aggressive ions from the environment enter the concrete interior, causing corrosion of reinforcements and producing expansive defects causing concrete cracking [11,12], which affect the durability and safety of concrete structures.



Recently, there have been more studies on the effects of temperature cycling changes on concrete properties. Ye Zhongzhi et al. [13] investigated the effect of sub-temperature cycles (normal temperature ~200 °C) on the mechanical properties of concrete. Under sub-temperature cycles, the evaporation of free water from concrete led to the formation of micro-pores and micro-cracks, which caused degradation in the mechanical properties of concrete, such as compressive strength, modulus of elasticity, and Poisson’s ratio. In the process of temperature cycling, the first temperature cycle led to the worst degradation of the mechanical properties of concrete, and the subsequent temperature cycles had a gradually decreasing effect on the properties of concrete. M.M. Shokrieh et al. [14] investigated the effect of different temperature cycles on the strength of concrete, where the compressive strength and the shear strength of concrete were reduced by 4.9% and 17.4%, respectively, under cycles in the range of 25 to 70 °C. An Mingzhe et al. [15] found that the splitting strength of concrete was most sensitive to temperature cycling from 20 to 65 °C. The change in thermal stresses generated by the temperature cycling led to cracks in the interface transition zone first, and further temperature cycling led to the expansion and connection of cracks in the interface transition zone with cracks in the cement matrix. Ambient humidity has an important influence on the microstructure and macroscopic properties of concrete [16]. Li Shuguang et al. [17] tested the mechanical properties of three groups of concrete specimens placed in a dry environment after 3, 7, and 28 days of standard curing, and they found that the compressive strength and the splitting tensile strength of concrete dried for 28 days after 3 and 7 days of standard curing were not significantly different from those after 28 days of standard curing. However, after 90 days, the compressive strength and the splitting tensile strength of concrete dried after 3 days of standard curing were 11% and 13% lower than those of concrete dried after 28 days of standard curing, respectively. Zhang Guohui et al. [18] found that, with the increase in drying temperature, the compressive strength of concrete showed a trend of decreasing first and then increasing, while the splitting tensile strength decreased. Wei Ya et al. [19] found that the compressive strength and the flexural strength of ordinary concrete and internally cured concrete exposed to a dry environment were both significantly reduced, which showed that the technology of internal curing could not significantly improve the cracking resistance of concrete, and the negative impact on the development of the properties and strength of concrete in a dry environment was significant. The erosion of concrete by saline soils is more severe in low-humidity environments with large temperature cycles. When the concrete produces defects such as cracks and pores due to temperature changes, on the one hand, the sulfate ions in the saline soil enter the concrete interior and react with the hydration products to produce expansive erosion products—ettringite (AFt) or gypsum [20]—or transform into bulky crystalline hydrates [21] and some sulfate crystals [22], which produces swelling stresses and leads to concrete cracking. On the other hand, chloride ions in saline soils enter the concrete interior and destroy the oxide film on the surface of the reinforcement, leading to corrosion of the reinforcement, which makes the bond interface between the reinforcement and the concrete swell and crack, leading to concrete cracking [23,24,25]. Among the methods used to investigate the macro-mechanical properties of concrete under conditions of different temperatures and humidity, most studies have used the fracture test method. Francesca Ceroni et al. [26] used the shear test and beam test (three-point bending test) to investigate the effect of temperature and humidity on the bonding properties of composite materials, and the three-point bending test was effective in reflecting the bonding properties of the material. Dario De Domenico et al. [27] conducted a three-point bending test using notched beams in their study of the effect of different temperatures on the bonding performance and ultimate load-carrying capacity of strengthening composite systems at 100% humidity, which was more in line with the results of the single-lap or double-lap shear tests widely used in the study.



Mineral admixtures such as fly ash and slag can partially replace ordinary silicate cement, which can improve the pore structure of concrete [28], improve the durability of concrete, reduce the risk of cracking [29], and reduce the amount of cement used and CO2 emissions during the generation of ordinary silicate cement [30]. Zhao Yanhua et al. [31] found that fly ash and slag could decrease the total shrinkage of high-performance concrete significantly, but increased the self-shrinkage. Kou Shicong et al. [32] prepared recycled concrete with 25%, 35%, and 55% of fly ash and found that the highest compressive strength and elastic modulus of concrete were achieved with 55% fly ash, which effectively improved the resistance of concrete to chloride ion penetration. Therefore, this study uses concrete modified by compound mineral admixtures (fly ash and slag) and a large temperature difference as the object of study, which is in line with the actual engineering conditions.



Current research on the effects of low humidity, temperature differences, and saline soil erosion on concrete structures is mainly focused on durability and strength, and most studies on the early crack resistance of mineral admixtures under the combined effects of low humidity, temperature differences, and saline soil erosion have been carried out under standard curing conditions, which are different from the actual situation. Therefore, this paper uses an environmental chamber to simulate the natural environment of large temperature differences and saline soil erosion in Northwest China and investigates the compressive strength, flexural strength, and fracture properties of concrete modified by fly ash and slag at different ages under such harsh curing conditions. The study provides a basis for the practical application of concrete modified by fly ash and slag in Northwest China and other similar environments. The observations presented here might enhance the understanding of the toughened mechanism of mineral admixtures in real civil engineering.




2. Experimental Program


2.1. Materials


Portland cement (P.O.42.5) was used as the main binding material in this study. The physical properties and the chemical components of the cement are shown in Table 1. Fly ash (Grade I) and slag (Grade S95) were used as the mineral admixtures. The physical properties of fly ash and slag are shown in Table 2. Natural river sand was used as a fine aggregate, with a fineness modulus of 2.85 and an apparent density of 2640 kg/m3. The coarse aggregate was made of natural crushed stone with a particle size of 5~20 mm and an apparent density of 2760 kg/m3. Common tap water was used for concrete pouring and salt solution configuration. Sodium chloride and sodium sulfate produced by a company in Zhengzhou were used in the salt solution as the important solute. A high-range water reducer was used to improve the fluidity of the concrete mixture. Actual projections projects showed that the fly ash content can be controlled within 20% and the slag content can be controlled within 40% under good curing conditions. However, under harsh curing conditions, the fly ash content and slag content should be controlled within 15% and 20%, respectively, and more than 10% fly ash can effectively improve the sulfate resistance of concrete [33]. In this study, concrete specimens were placed in an environment simulating the erosion of saline soil and a large temperature difference, and four groups of concrete with different fly ash and slag content were set. Fly ash and slag were mixed in equal quantities instead of cement, and the water–binder ratio (W/B) was 0.4. The mix proportions of concrete are given in Table 3.




2.2. Specimen Preparation


According to the “Test code for hydraulic concrete” (SL/T352-2020) [34], the coarse aggregate, fine aggregate, cement, fly ash, and slag were successively added into the concrete mixer to be mixed for 2 min, and then water and water reducer were mixed for 2 min in the concrete mixer. After the concrete mixture met the slump requirement, the concrete mixture was injected into the test molds, and they were vibrated for 1 min on a shaking table and then placed in a forming room, and the surface of the test molds was covered with plastic film to prevent water loss. After 24 h, the concrete specimens were separated from the molds and placed into the environmental chamber, as shown in Figure 1.




2.3. Concrete Curing and Exposure Conditions


The conditions of the construction site in Western China, where the temperature difference is large and concrete structures are eroded by saline soil, were simulated to achieve the curing conditions of the concrete in this study. Geotextiles saturated with water were used to cover the specimens, as shown in Figure 2, water was sprayed onto the specimens regularly every day for concrete curing, and the curing time was set to 14 d. After 14 d, the geotextiles were removed to expose the specimens to the environment of low humidity, large temperature difference, and saline soil erosion. The simulated environmental humidity was 35%, and the temperature was −5~40 °C. The temperature took 1 day as a cycle, including an 8 h heating period, 6 h high-temperature constant-temperature period, 5 h cooling period, and 5 h low-temperature constant-temperature period, as shown in Figure 3. The environmental condition of concrete eroded by saline soil was achieved by spraying salt solution. For the preparation of the salt solution, the chloride ion penetration resistance test and sulfate attack resistance test in the “Standard for test methods of long-term performance and durability of ordinary concrete” (GB/T 50082-2009) [35] were referred to. Moreover, the mass fractions of sodium chloride and sodium sulfate solutions were selected as 3% and 5%, respectively.




2.4. Experimental Methods


2.4.1. Compressive Strength Test


The compressive strength test of concrete was carried out by the “Standard for test methods of concrete physical and mechanical properties” (GB/T 50081-2019) [36]. The concrete specimen size was 100 mm × 100 mm × 100 mm. A WHY-2000 microcomputer-controlled pressure testing machine with a bearing capacity of 2000 kN was used, and the loading rate was set at 0.6 MPa/s to test the compressive strength of the concrete on the 3rd, 7th, 14th, and 28th day, respectively. The compressive strength of a concrete cube, fcc (MPa), was calculated by Equation (1):


   f  cc   =  P A   



(1)




where P (N) is the failure load of the specimen and A (mm2) is the bearing area of the specimen.




2.4.2. Flexural Strength Test


The flexural strength test of concrete was carried out by the “Standard for test methods of concrete physical and mechanical properties” (GB/T 50081-2019) [36]. The concrete specimen size was 100 mm × 100 mm × 400 mm. The span of the specimen was 300 mm. The WHY-2000 microcomputer-controlled pressure testing machine with the bearing capacity of 2000 kN was used. “Four-point loading test method” was taken in this test. During the test, the side of the concrete specimen was selected as the compression surface. The specimen was placed on the test stand support, and the position of the specimen was adjusted so that the concrete span between the two support heads was 300 mm, with 50 mm left on each side. The two loading heads were located at the two triplets of the specimen span. Then, the geometric parameters of the concrete specimens were input, the loading rate was set to 0.06 MPa/s, and the servo system was activated in order to carry out the flexural strength test on the 3rd, 7th, 14th, and 28th day, respectively. A schematic diagram of the test is shown in Figure 4. The flexural strength of concrete, fr (MPa), was calculated by Equation (2):


   f r  =   F l   b  h 2     



(2)




where F (N) is the failure load of the specimen, l (mm) is the span between supports, b (mm) is the width of the specimen section, and h (mm) is the height of the specimen section.




2.4.3. Fracture Performance Test


The fracture performance test of concrete was carried out by the “Norm for fracture test of hydraulic concrete” (DL/T5332-2005) [37]. The concrete specimen size was 100 mm × 100 mm × 515 mm. The WAW-1000 electro-hydraulic servo universal testing machine was used. A three-point bending loading device was adopted, whose loading pad was a steel bar of 120 mm × 10 mm × 5 mm. A load sensor of model JLBU-30 was adopted, whose measuring range was 30 kN. The YHD-30 displacement sensor was used to record the mid-span deflection of the specimen. The clip extensometer fixed by a 0.5 mm blade on both sides of the prefabricated crack of the specimen was used to measure the crack mouth opening displacement (CMOD) value of concrete crack tensile opening displacement. A DH3818Y static strain tester was used to collect the above data. Before the test, it was necessary to record the parameters, such as the size, quality, and length of the prefabricated crack of the specimen. Then, the specimen was installed on the supports. A steel sheet was pasted at the bottom of the other side of the specimen to install the displacement sensor, and then a loading pad and load sensor were placed on the top of the specimen. The test loading device is shown in Figure 5. The equipment was started during the test, and the data acquisition system was open when the load sensor was almost in contact with the loading device. The equipment was loaded at a rate of 0.1 mm/min until the specimen was destroyed. The initial fracture toughness, instable fracture toughness, and fracture energy were calculated using the double-K fracture model [37,38].



The initial fracture toughness, KQIC(MPa.m1/2), and instable fracture toughness, KSIC(MPa.m1/2), were calculated by Equation (3) and Equation (4), respectively. The initial fracture toughness is:


   K  IC  Q  =   1.5 (  F Q  + 0.5 m g ×   10   − 2   ) ×   10   − 3   S    a c      t  h 2    f ( α )  



(3)







The instable fracture toughness is:


   K  IC  S  =   1.5 (  F max  + 0.5 m g ×   10   − 2   ) ×   10   − 3   S    a c      t  h 2    f ( α )  



(4)




where f(α) is calculated according to Equation (5):


  f ( α ) =   1.99 − α ( 1 − α ) ( 2.15 − 3.93 α + 2.7  α 2  )   ( 1 + 2 α )   ( 1 − α )   1.5     ; α =    a c   h   



(5)




where FQ (kN) is the initial cracking load; Fmax (kN) is the maximum load; m (kg) is the quality of the specimen between the beam supports; g is the acceleration of gravity, which is 9.81 m/s2; t (m) is the thickness of the specimen; h (m) is the height of the specimen. ac (m) is the effective crack length, which is calculated by Equation (6):


   α c  =  2 π  ( h +  h 0  ) arctan     t E  V c    32.6  F  max     − 0.1135   −  h 0   



(6)




where h0 (m) is the thickness of the blade steel plate; Vc (μm) is the critical value of crack opening displacement. a0 (m) is the initial crack length; E (GPa) is the calculated elastic modulus, which is calculated by Equation (7):


  E =  1  t  c i    [ 3.70 + 32.60   tan  2  (  π 2     a 0  +  h 0    h +  h 0    ) ]  



(7)




where a0 (m) is the initial crack length; ci = Vi/Fi (μm/kN) is calculated from any point in the straight segment of the rising section of the F–V curve. The fracture energy is expressed by the area that is enclosed by the load–deflection curve (F~δ curve) of the three-point bending test, i.e., the energy required for crack growth per unit area. Fracture energy GF (N/m) can be calculated by Equation (8):


   G F  =    W 0  + m g  δ 0   A   



(8)




where W0 (N.m) is the area enclosed by the F~δ curve; m (kg) is the sum of m1 (the mass of the specimen between the two supports) and m2 (the mass of the loading component not connected to the testing machine); g is the acceleration of gravity, which is 9.81 m/s2; A (m2) is the cross-sectional area of the specimen ligament.




2.4.4. Test Methods for Scanning Electron Microscopy (SEM)


Samples of appropriate size were cut from the concrete specimens by a cutting machine. The samples were dried in a vacuum oven at 60 °C for 24 h and then placed in anhydrous ethanol to prevent hydration. During the test, concrete samples were dried at 60 °C for 6 h in an oven. After being taken out and cooled to room temperature, a layer of metal film was coated on the surfaces of the concrete samples by an ion sputtering instrument, and then the samples were observed in a vacuum chamber by a scanning electron microscope.




2.4.5. Test Methods for XRD Diffraction


The Empyrean-type XRD diffractometer produced by the Panaco company in the Netherlands was used to test the change in concrete phase composition. The target material of the light tube was the Cu target. The working voltage was 45 kV, working current was 40 mA. The scanning parameters were set as follows: scan speed 0.16 s/step, step size = 0.013, and scan angle range from 5° to 70°.




2.4.6. Test Methods for Pore Structure


According to the test method of bubble parameters of hardened concrete in “Test code for hydraulic concrete” (SL/T352-2020) [34], the straight-line traverse method was adopted to measure the geometric parameters of pores in concrete. A 90 mm × 90 mm area in the middle of the specimen was the observation area. The specific steps were as follows:




	(1)

	
The specimen whose observation surface was perpendicular to the casting surface was cut from the cube concrete specimen, with a total observation area of no less than 7000 mm2 and a total traverse length of no less than 2300 mm. The observation surface of the specimen was cleaned. When irradiation light was applied to the observation surface at a low angle, the observation surface was flat except for the bubble section and aggregate pores, and the bubble edge was clear. Then, the specimen was placed in the oven (105 ± 5 °C) to dry.




	(2)

	
The hardened concrete pore structure analyzer was used to observe the concrete surface and the traverses were drawn, which are shown in Figure 6. The number of pores and the chord length of bubbles in the field of view were observed and measured from the starting point of the first traverse.




	(3)

	
According to the data collected, the pore parameters of concrete were calculated, including porosity, average air-void size, and pore spacing coefficient.









The geometric parameters of the pore structure were calculated according to Equations (9)–(12) in the “Test code for hydraulic concrete” (SL/T352-2020).


  A =   Σ l  T   



(9)






   l ¯  =   Σ l  n   



(10)






  r =  3 4   l ¯   



(11)






   L ¯  =  {        3 A   4  n 1    [ 1.4   (  P A  + 1 )   1 / 3   − 1 ]     (  P A  ≥ 4.33 )        P  4  n 1        (  P A  < 4.33 )        



(12)




where A (%) is the porosity; Σl (mm) is the sum of all traverses cutting the bubble chord length; T (mm) is the total length of traverses;   l ¯   (mm) is the average chord length of bubbles; n is the total number of bubbles cut by all traverses; r (mm) is the average radius of bubbles;   L ¯   (mm) is the pore spacing factor; P (%) is the slurry content in concrete; n1 is the average number of bubbles cut per 10 mm traverse.




2.4.7. Test Methods for Chloride Ion Content


According to the determination method of water-soluble chloride ion content in the “Test code for hydraulic concrete” (SL/T352-2020) [34], the content of free Cl− in the modified concrete was measured. In this test, a depth of 10 mm from the concrete surface was selected to measure the chloride ion content. There were 10 layers, and each layer had a depth of 1 mm. Chloride ion content P (%) was calculated by Equation (13):


  P =    C   AgNO 3    V × 35.45   G × 1000   × 100 %  



(13)




where CAgNO3 (mol/L) is the concentration of AgNO3 solution, V (mL) is the volume of consumed AgNO3 standard solution, and G (g) is the mass of powder.






3. Results and Discussion


3.1. Mechanical Properties of Concrete


3.1.1. The Compressive Strength


The compressive strength of ordinary concrete and concrete containing different proportions of mineral admixtures in the environment with a large temperature difference and erosion by SO42− and Cl− after 3, 7, 14, and 28 days is shown in Figure 7. At day 3 of curing, the compressive strength of the four groups of concrete was ranked from largest to smallest as OC > F15S15 > F10S20 > F15S20, which showed that the OC group hydrated faster and had high initial strength, and as the total amount of mineral admixture increased, the strength of the concrete became lower, which was because the mineral admixtures were not active initially and the strength of the concrete was mainly provided by the hydration of the cement. During the curing period of 3 to 14 days, the strength of the concrete continued to increase, with the OC group, F10S20 group, and F15S15 group having almost the same rate of strength growth, but the F15S20 group underwent a continuous increase in strength growth rate. During the period from 14 to 28 days, the compressive strength of the F15S20 group grew slowly and the compressive strength of the other three groups grew at similar rates, which was mainly because the OC group did not have a mineral admixture and the F10S20 and F15S15 groups had less mineral admixture than the F15S20 group; the internal pores of these three groups were larger and not as dense as those of the F15S20 group, resulting in the external environment of SO42− and other aggressive ions entering the concrete interior through the initial pores and cracks of the concrete and reacting with the mixed hydration products to generate swelling products such as ettringite and gypsum, which initially compacted the internal pores of the concrete and caused the compressive strength of the concrete to continue to rise [39]. Meanwhile, the total amount of mineral admixture in the F15S20 group was larger and the concrete interior was already relatively dense, so the external aggressive ions reacting with the internal hydration products produced less expansive erosion products and the compressive strength increased slowly. At the age of day 28, the compressive strength of the F10S20 group, F15S15 group, and F15S20 group accounted for 87.2%, 91.6%, and 90.6% of the compressive strength of the OC group, respectively, but was still greater than 45 MPa, indicating that concrete mixed with 30% to 35% mineral admixture in an environment with a large temperature difference and saline soil erosion would reduce the initial compressive strength of the concrete, but the reduction was not significant, and the strength of the concrete modified by mineral admixtures was expected to exceed that of the ordinary concrete because of the subsequent volcanic ash effect of the mineral admixtures. The compressive strength of the F15S20 group after 7 days was greater than that of the F10S20 group and the F15S15 group, which indicated that a certain range of mineral admixture content could increase the strength of concrete in the mid to late stages of strength development.




3.1.2. The Flexural Strength


As shown in Figure 8, the flexural strength of the concrete increased with age within 28 days in the environment with a large temperature difference and saline soil erosion. The flexural strength of the concrete developed faster within 7 days, accounting for 80% to 93.7% of the flexural strength of the concrete at day 28. This was because the mineral admixture was not very active in the initial stages and the strength development of the concrete depended on the hydration of the cement, and the saline soil erosion environment provided the concrete with curing moisture, which made the hydration more adequate, whereas the mineral admixture-doped concrete was relatively dense inside, resulting in poorer moisture absorption and hydration compared to the OC group. At 14~28 days of age, the flexural strength of the OC group developed slowly and the flexural strength of concrete mixed with mineral admixtures developed faster because the SO42− and Cl− in the salt solution stimulated the potential activity of the mineral admixtures [40]. Secondary hydration of fly ash and slag with cement hydration products occurred in concrete [41], which filled the internal pores and increased the concrete strength, and fly ash could replace cement to extend the hydration process, allowing for higher strength development over time [42]. Studies have shown that the addition of fly ash and slag to concrete can inhibit the attack of sulfates. Consequently, ordinary concrete without any mineral admixtures would result in more sulfate ions penetrating into the concrete, especially in the surface layer, where they would be enriched. On the one hand, when the external temperature and humidity changed, the sodium sulfate in the concrete repeated the process of crystallization and dissolution; the sodium sulfate crystallization absorbed water and generated mirabilite, resulting in an increase in crystallization pressure and expansion, which caused stress accumulation and cracking of the concrete. On the other hand, the intrusion of sodium sulfate into the concrete occurred chemically to generate ettringite and gypsum and other expansive products; when too much product is generated, large expansion stresses are generated, which crack the concrete and reduce its flexural strength.




3.1.3. The Fracture Performance


Figure 9 plots the load–crack opening displacement (P-CMOD) curves for concrete with different mineral admixture content after 3, 7, 14, and 28 days, respectively. It can be seen that the peak loads of concrete with different mineral admixture content increased with age, indicating that the concrete continued to hydrate within 28 days, generating more hydration products and increasing bond strength, which was manifested as an increase in concrete strength. The peak loads of the mineral admixture-modified concrete were all smaller than those of the OC group, except for the F15S20 group, where the 28-day peak loads were greater than those of the OC group, which was due to the low initial activity of fly ash and slag, which contributed to the limited strength of the concrete. As can be seen from Figure 9b, the peak load values for the four groups of concrete on day 7 were 3.52 MPa, 2.85 MPa, 2.73 MPa, and 3.03 MPa for OC, F10S20, F15S15, and F15S20, respectively, and the gap in peak loads continued to decrease as the age increased, with the peak loads on day 28 being 4.20 MPa, 4.01 MPa, 3.91 MPa, and 4.24 MPa for F10S20, F15S15, and F15S20, respectively, which was due to the secondary hydration of active silica and alumina in the fly ash and slag in the concrete as the hydration reaction proceeded, consuming calcium hydroxide, improving the spatial composition of the interfacial transition zone, reducing the porosity of the concrete, and improving the performance of the concrete. It could also be found that the slope of the rising section of the concrete load–CMOD (P-CMOD) curve increased with age, indicating that the concrete had an increasing modulus of elasticity and improved resistance to deformation. Comparing concrete with different mineral admixture content, it was found that the slope of the rising section of the P-CMOD curve for the OC group was higher than that for mineral admixture concrete. The reason for this was that SO42− from the salt solution simulating saline soil erosion entered the concrete and reacted with the cement hydration products to form swelling products such as ettringite and gypsum, which filled the voids and made the concrete denser.



Figure 10a,b plot the variation curve of fracture toughness with age for concrete mixed with different mineral admixture content. It can be seen that the fracture toughness of concrete increased with age, the change trends of instable fracture toughness (KSIC) and initial fracture toughness (KQIC) were the same, and the initial fracture toughness of concrete in each group on day 3 was between 0.6 and 0.7 MPa.m0.5. The differences between instable fracture toughness and initial fracture toughness were OC: 0.378, F10S20: 0.203, F15S15: 0.266, and F15S20: 0.266. In practical engineering, when cracks are created in concrete, the larger this difference is, the greater the load required to carry the concrete structure from cracking to instability and the greater the ability of the concrete to resist crack expansion. On day 14, the OC group had the greatest initial fracture toughness and the F15S20 group had the greatest instable fracture toughness. Combining the analysis of the concrete P-CMOD curves and the fracture toughness formulae, it is clear that the main reason is that these two groups developed their own strength rapidly and were subjected to higher loads at fracture. The relationship between the initial fracture load and the instable fracture load of the four groups of concrete on day 28 was F15S20 > OC > F10S20 > F15S15, with the F15S20 group having the greatest initial fracture load and instable fracture load, indicating that this group was the least likely to crack under the external loading and showed the best cracking resistance.



Figure 10c plots the variation curve of fracture energy with age for concrete with different mineral admixture content. The increase in fracture energy with age for the OC group was small, the increase in fracture energy for the concrete containing mineral admixtures was faster until day 14, and the fracture energy of the four groups of concrete on day 3 was OC > F15S15 > S10S20 > F15S20; after 14 days, the increase in fracture energy for the F15S20 group was larger than that for the other three groups. The increase in fracture energy of the F15S20 group was larger than that of the other three groups, and the fracture energy of the four groups on day 28 was F15S20 > F15S15 > F10S20 > OC. Comparing the fracture energy of the four groups on day 3 and day 28, we found that the fracture energy of the OC group had already reached a larger value on day 3 and changed slowly thereafter. The addition of fly ash and slag to concrete can increase its fracture energy in the later stages, and in this study, the highest fracture energy was achieved with the addition of 15% fly ash and 20% slag.





3.2. Microstructure of Concrete


3.2.1. Microscopic Morphology Observation by SEM


Figure 11a,b show the microstructures of the OC group and the F15S20 group on day 3, respectively, which show that the hydration products of the two groups formed clusters on day 3, with a large number of pores and cracks. This is because the fly ash and slag exerted a microaggregate effect, reducing the porosity of the concrete and improving the impermeability, while the OC group had poor impermeability and the sulfate ions reacted with the hydration products of the concrete to produce more ettringite. From Figure 11c,d, it can be seen that the internal structure of the concrete on day 28 was already quite dense as the cement hydrated and the clusters of hydrated calcium silicate products had bonded to each other to form a stable layer, and in Figure 11d, it can be seen that the fly ash was well bonded to the cement. As can be seen in Figure 11, there were obvious cracks in the transition zone between the cement paste and the aggregate at the age of day 3, and the width of the cracks was significantly reduced at the age of day 28. The main reason for this is that the enriched calcium hydroxide crystals at the interfacial transition zone were consumed to produce swelling products such as ettringite and gypsum, which improved the interfacial transition zone.




3.2.2. XRD Analysis


In order to analyze the physical phase components of the concrete modified by mineral admixtures at the age of day 28 in the environment with a large temperature difference and saline soil erosion, XRD diffraction patterns of the concrete with different mineral admixtures on day 28 were plotted, as shown in Figure 12. The calcium hydroxide diffraction peaks at 18°2θ and 34.2°2θ in the OC group on day 28 were significantly higher than those of the concrete containing fly ash and slag. The diffraction peaks of calcium hydroxide at both locations were, in descending order, OC > F15S15 > F10S20 > F15S20, indicating that the addition of fly ash and slag can replace part of the cement, reduce the amount of cement, and lower the calcium hydroxide content in the concrete. The lower calcium hydroxide content within the concrete in this environment compared to the large-temperature-difference environment suggests that the sulfate ions in the salt solution intruded into the concrete to excite the activity of the mineral admixtures and that the secondary hydration of fly ash and slag consumed the calcium hydroxide in the concrete, resulting in a smaller calcium hydroxide diffraction peak. As can be seen in Figure 12, the calcium silicate (C2S/C3S) content at the age of 32.3°2θ on day 28 was, from largest to smallest, F10S20 > OC > F15S15 > F15S20, with a lower peak value of unhydrated calcium silicate diffraction in the F15S20 group, which indicates a higher degree of hydration in the F15S20 group, a higher number of hydrated calcium silicate gels generated, and better concrete properties. This was also consistent with the macroscopic mechanical properties of the concrete.




3.2.3. Pore Structure Analysis


The macroscopic properties and microscopic test results of the different groups of concrete show that the F15S20 group had better performance in the 28-day range, so the pore structure parameters of the OC group and the F15S20 group were analyzed here, mainly including porosity, average air-void size, and pore spacing coefficient. Figure 13a plots the porosity of the OC group and the F15S20 group at different ages. It can be seen that the porosity of concrete with different mineral admixture content showed a decreasing trend with increasing age. As the cement hydrated, the internal pores were continuously filled with hydration products and the porosity decreased. The porosity of the OC group was significantly higher than that of the F15S20 group at day 3 of age because the fly ash and slag added to the F15S20 group filled the concrete pores. Moreover, 14 days later, the porosity of the F15S20 group was less than that of the OC group because the fly ash and slag added to the F15S20 group caused the internal structure of the concrete to become dense by day 14, making it more difficult for the salt solution to invade the concrete, whereas in the OC group, due to the early porosity, more sulfate ions were invaded, and the cement hydration products produced swelling erosion products such as ettringite and gypsum, which reduced the porosity of the concrete.



Figure 13b shows the average air-void size of the concrete in the OC and F15S20 groups at different ages. The average air-void size in the OC group and the F15S20 group decreased and then increased as the age increased. The average air-void size of the concrete in both groups was the smallest on day 14 because the concrete was no longer cured by removing the geotextiles after day 14. The moisture inside the concrete evaporated faster under external conditions and the concrete underwent drying shrinkage. Micro-voids and micro-cracks were created, resulting in an increase in the average air-void size of the concrete.



Figure 13c plots the pore spacing coefficients for the OC group and the F15S20 group at different ages, which did not vary equally with age. The larger the pore spacing coefficient, the smaller the number of pores within a certain range. The increase in the pore spacing coefficient of the F15S20 group with age indicated that as the cement continued to hydrate, the internal pores of the F15S20 group continued to be filled with hydration products and became less porous. The pore spacing coefficient of the OC group decreased on day 7 and day 28; presumably, the rapid hydration reaction of the concrete from 3 to 7 days resulted in a large number of calcium hydroxide crystals generated in the interface transition zone, which were significantly oriented, resulting in an increase in concrete pore volume and an increase in the number of pores.



Figure 14 plots the percentage distribution of pore size for the OC group and the F15S20 group. From Figure 14a, it can be seen that the number of 1~30 μm pores in the OC group increased and then decreased as the age increased, the percentage of 1~30 μm pores increased before the 14th day due to the hydration of cement and slag, and the products filled the pores, showing the transformation of pores larger than 30 μm to 1~30 μm pores. Later, as the environment changed and the water in the concrete evaporated, the concrete developed temperature shrinkage and drying shrinkage, and the shrinkage stress in the weak areas was greater than the tensile strength, producing micro-cracks. The number of 1~30 μm pores increased with age in the F15S20 group. Compared to the OC group, the percentage of 1~30 μm pores was larger in the F15S20 group at day 3, mainly due to the filling effect of the mineral admixture, which reduced the percentage of large pores. The pore percentage values for the F15S20 group at day 28 age for 1~30 μm, 30~160 μm, and 160~1000 μm were 48%, 26%, and 26%, respectively, due to the intrusion of sulfate and chloride ions into the concrete, which stimulated the activity of fly ash and slag and promoted their secondary hydration to produce more hydrated calcium silicate and hydrated calcium aluminate, which filled the pores and compacted the concrete.




3.2.4. Chloride Ion Content in Concrete


Figure 15 plots the variation curve of chloride ion content with erosion depth at day 28 for the four groups of concrete. It can be seen that the chloride ion content within the concrete decreased as the depth of erosion increased. The difference in the chloride ion content in the first layer and the second layer within the concrete was greater because the salt solution caused salt crystals to adsorb to the concrete surface, resulting in a higher chloride ion concentration in the first layer. As the only cementitious material in the OC group consisted of cement, the pores between the mortar could only be filled by cement particles during the hydration process, which had a poor filling capacity, resulting in more pores in the concrete. The fly ash and slag were complementary to the cement particles due to their different particle sizes, filling the voids between the concrete mortar matrix, which improved the denseness of the concrete and its ability to resist the penetration of external chloride ions. As shown in Figure 15, the content of chloride ions within the same depth of the four groups of concrete was ranked as OC > F10S20 > F15S15 > F15S20, indicating that as the content of mineral admixture increased, the chloride ion content within the same depth of concrete decreased and the resistance of concrete to erosion by chloride ions was enhanced [43]. Moreover, when the content of slag was 20%, with the increase in the fly ash, the content of chloride ions within the concrete decreased, and when the total mineral admixture was 30%, increasing the content of fly ash and decreasing the content of slag were beneficial to enhance the resistance of concrete to erosion by chloride ions.





3.3. Fracture Resistance Mechanism of Fly Ash and Slag


The mineral admixture improved the fracture performance of the concrete under the conditions of a large temperature difference and saline soil (SO42− and Cl−) attack. According to the macroscopic mechanical properties and microscopic characteristics of the concrete containing mineral admixtures under the harsh environment, the mechanism of fracture resistance of the fly ash and slag as the mineral admixture in the concrete could be analyzed. On the one hand, when the temperature changes are large every day, the temperature stress in concrete changes due to the temperature change, resulting in internal cracks. The cement in concrete is replaced in equal amounts by the mineral admixture, which reduces the amount of cement inside the concrete and the heat of hydration due to cement hydration. This can reduce the temperature stress of concrete in the temperature difference cycle when experiencing high temperatures, which can reduce the cracking of concrete and the internal defects of concrete, to improve the performance of concrete fracture resistance. On the other hand, fly ash and slag are fine enough to fill the pores between the cement particles, which makes the concrete denser inside and reduces the initial internal defects. Moreover, the secondary hydration products of the mineral admixture can further fill the internal pores of the concrete and continue to improve the bond strength between aggregates. In addition, compared with ordinary concrete, the impermeability of concrete mixed with mineral admixture is improved, and the permeability of SO42− and Cl− under a harsh environment is reduced. At the same time, the secondary hydration of the mineral admixture consumes the Ca(OH)2 produced by the initial hydration of cement, to avoid the increase in internal pores and cracks in concrete caused by ion erosion, and to a certain extent, it plays the role of fracture resistance.



In the process of synergistic modification by fly ash and slag in concrete, the fly ash has higher activity than slag and can undertake more secondary hydration reactions. In addition, the secondary hydration products can fill the internal pores of the concrete to a greater extent and can resist the infiltration of corrosive ions. Therefore, the concrete with more fly ash content has lower Cl− content in the results of this study. Fly ash mainly protects the mechanical properties of concrete from the negative effects of slag. By observing the compressive strength, flexural strength, and fracture energy of different groups of concrete, it can be seen that the concrete with more fly ash content has higher mechanical properties, which can guarantee the strength of mineral admixture concrete. The slag can improve the elastic modulus of concrete and the anti-deformation ability of concrete. Therefore, mixing concrete with fly ash and slag can provide the concrete with better fracture resistance through the modification advantages of fly ash and slag.





4. Conclusions


In this study, the compressive strength, flexural strength, and fracture performance of concrete modified by a mineral admixture in an environment with a large temperature difference and saline soil erosion were tested, and the microstructure, phase composition, and pore structure of the concrete were observed, the chloride ion content at different depths of concrete was measured, and the fracture resistance mechanism of fly ash and slag was also analyzed, which provides a reference for engineering applications. The main conclusions are as follows:




	(1)

	
Both the compressive strength and the flexural strength of concrete increase with age. The results showed that the addition of the mineral admixture reduced the compressive strength of the concrete; compared with the OC group, the compressive strength of the F10S20, F15S15, and F15S20 groups decreased by 12.8%, 8.4%, and 9.4%, respectively, and the flexural strength of mineral admixture concrete was lower than that of ordinary concrete before 14 days, but its strength growth rate was greater than that of ordinary concrete, where the average growth rates in compressive strength from day 3 to day 14 for the four groups of concrete were: OC: 0.0406MPa/d, F10S20: 0.0679 MPa/d, F15S15: 0.0744 MPa/d, F15S20: 0.0580 MPa/d. The average growth rates in compressive strength from day 3 to day 14 for the F10S20, F15S15, and F15S20 groups were 67.24%, 83.25%, and 42.86% higher than those of the OC group, respectively.




	(2)

	
Through the P-CMOD curve of concrete, it was found that the addition of a mineral admixture reduces the early fracture performance of concrete but has a more obvious effect on the later fracture performance of concrete. Moreover, the fracture toughness and fracture energy of concrete increase with age. Adding a mineral admixture can effectively improve the fracture energy of concrete after 28 days, and the fracture toughness of concrete mixed with 15% fly ash and 20% slag is the highest.




	(3)

	
The microstructure of the concrete was observed using scanning electron microscopy, and it was found that as the age increased, the hydration products of the concrete changed from individually forming clusters to gradually bonding to form a laminar structure, and the fly ash was in a good state of bonding with the cement paste. The width of cracks in the transition zone at the interface of concrete at the age of day 28 decreased significantly. From the XRD diffraction patterns of the different groups of concrete at day 28, it could be seen that F15S20 concrete had the lowest C2S/C3S diffraction peaks and the concrete was more hydrated and had the best performance.




	(4)

	
By analyzing the pore structure parameters of the OC group and the F15S20 group, it was found that with the increase in age, the porosity of the F15S20 group was slightly higher than that of the OC group, but the average air-void size was lower and the pore spacing coefficient was larger. The percentage values of the OC group and the F15S20 group from 1 μm to 30 μm on day 28 were 13% and 48%, respectively. The pore structure of the F15S20 group was better.




	(5)

	
The addition of a mineral admixture can effectively reduce the Cl− content in the concrete surface layer. The inhibition effect of fly ash on Cl− infiltration is better than that of slag. By observing the XRD diffraction patterns at the 28th day in the different groups of concrete, it could be seen that the ettringite (AFt) content of concrete mixed with 15% fly ash and 20% slag was the lowest, indicating that its resistance to sulfate was stronger than ordinary concrete.




	(6)

	
Under the conditions of large temperature differences, the macro-mechanical properties and microstructure of the concrete are combined, indicating that the concrete modified by mineral admixtures has higher resistance to this harsh environment than ordinary concrete, and the optimum admixture of mineral admixtures is 15% fly ash and 20% slag. In future studies, the effect of seasonal temperature difference variation on the mechanical properties and microstructure of mineral admixture concrete will be investigated. Furthermore, the optimal curing method of mineral admixture concrete under the conditions of large temperature differences will be explored to provide an alternative method for local engineering construction.
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Figure 1. Environmental chamber. 






Figure 1. Environmental chamber.



[image: Applsci 11 09338 g001]







[image: Applsci 11 09338 g002 550] 





Figure 2. Geotextiles maintenance process. 
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Figure 3. Daily temperature change cycle process. 
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Figure 4. Schematic diagram of flexural resistance test. 
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Figure 5. Schematic diagram of fracture test. 
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Figure 6. The hardened concrete hole structure analyzer and the traverses. 
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Figure 7. Compressive strength of the four groups of concrete under the erosion of SO42− and Cl− and a large temperature difference. 
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Figure 8. Flexural strength for the four groups of concrete under erosion of SO42− and Cl− and a large temperature difference. 
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Figure 9. P-CMOD curves of concrete at different ages: (a) day 3; (b) day 7; (c) day 14; (d) day 28. 
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Figure 10. Fracture performance index of concrete with age: (a) initial fracture toughness of concrete; (b) unstable fracture toughness of concrete; (c) fracture energy. 
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Figure 11. Microstructure of concrete at different ages: (a) microstructure of OC group on the 3rd day; (b) microstructure of F15S20 group on the 3rd day; (c) microstructure of OC group on the 28th day; (d) microstructure of F15S20 group on the 28th day. 
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Figure 12. XRD pattern of concrete on the 28th day. 
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Figure 13. Pore structure parameters of concrete at different ages: (a) porosity of concrete; (b) average air-void size of concrete; (c) pore spacing coefficients of concrete. 
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Figure 14. Pore diameter distribution of concrete at different ages: (a) the OC group; (b) the F15S20 group. 
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Figure 15. Variation curve of Cl− content with depth in concrete on the 28th day. 
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Table 1. The physical properties and chemical components of cement.
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Physical Properties

	
Specific Surface Area (m2/kg)

	
Compressive Strength 3/28 Days (MPa)

	
Flexural Strength 3/28 Days (MPa)

	
Initial Setting Time (min)

	
Final Setting Time (min)




	
374

	
33/55

	
6.7/8.7

	
198

	
247






	
Chemical components

	
K2O

	
Na2O

	
Fe2O3

	
Al2O3

	
SiO2

	
CaO

	
SO3

	
MgO

	
Ignition loss (%)




	
0.82

	
0.43

	
4.27

	
8.38

	
24.53

	
56.93

	
2.73

	
3.80

	
3.60
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Table 2. The physical properties of fly ash and slag.






Table 2. The physical properties of fly ash and slag.





	Indicators
	Specific Surface Area (m2/kg)
	Ignition Loss (%)
	Density (g·cm−3)
	Water Content (%)





	Fly ash
	287
	4.60
	2.30
	0.50



	Slag
	429
	1.24
	3.10
	0.25
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Table 3. The mix proportion of concrete.






Table 3. The mix proportion of concrete.





	Groups
	W/B
	Water (kg/m3)
	Cement (kg/m3)
	Fly Ash (kg/m3)
	Slag (kg/m3)
	Sand (kg/m3)
	Stone (kg/m3)
	High-Range Water Reducer (kg/m3)





	OC
	0.40
	160
	400
	0
	0
	699
	1141
	1.2



	F10S20
	0.40
	160
	280
	40
	80
	699
	1141
	1.0



	F15S15
	0.40
	160
	280
	60
	60
	699
	1141
	1.0



	F15S20
	0.40
	160
	260
	60
	80
	699
	1141
	0.9







Note: OC means ordinary concrete, F10S20 means concrete with fly ash of 10% and slag of 20%, F15S15 means concrete with fly ash of 15% and slag of 15%, F150S20 means concrete with fly ash of 15% and slag of 20%.
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