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Abstract

:

The bedrock used for underground construction has obvious traces of hydrodynamic scouring damage, and the mechanical properties of bedrock especially are severely damaged under a groundwater environment. On this basis, considering the excavated bedrock under various saturations, the uniaxial compression test of diorite is carried out. Meanwhile, scanning electron microscopy (SEM), electron energy spectroscopy (EDS) and X-ray diffraction (XRD) are used in the experiment. The variation law of the elastic p-wave velocity and microstructure and the response characteristics of the strength, deformation and mechanical parameters of rock under different flow rates and pH values are analyzed in detail. The results indicate that: (1) Saturations with a faster flow rate and lower pH value cause greater relative changes in the elastic longitudinal wave velocity of the samples. (2) The uniaxial compressive strength of the samples under various treatment conditions showed a decreasing trend. Compared with the dried samples, the uniaxial compressive strength of the samples under saturation with field flow rate v = 300 mm·s−1 and pH = 1 decreased by 46.08%, and the strength decreased by 35.67% under saturation with a field pH value = 6.56 and flow rate v = 900 mm·s−1. (3) The saturation with a stronger acidity, greater flow rate and longer action time causes the apparent dense structure of the diorite sample to be loose and accompanied by microcracks, which weakens its macromechanical properties. (4) Acid and hydrodynamic saturation produce water–rock chemical and physical effects on diorite, which weaken the connection force between mineral particles and the friction between fracture surfaces, reduce the elastic modulus, increase Poisson’s ratio and accelerate the failure of diorite.






Keywords:


diorite; solution flow rate; acidification; scouring effect; uniaxial compression; mechanical properties












1. Introduction


Rock instability and failure is a type of engineering disaster commonly encountered in underground rock construction [1,2,3], which seriously affects the safety of the project. There are many factors affecting the rock engineering stability, including geological factors such as the initial stress state of the rock mass, the rock mechanical properties and groundwater, as well as engineering factors such as construction methods and support installation time [4,5]. Among them, the decisive factor of rock stability depends on whether the mechanical properties of the rock mass are stable [6,7]. Considering that the underground rock mass project is under various groundwater conditions, most rock mass is susceptible to the chemical properties of the solution. For instance, the sandstone of the reservoir bank slope of the Three Gorges Reservoir Area in China has been gradually corroded by the solution for a long time; the corrosion immersion rate and depth have gradually accelerated [8]. The rock mass of the reservoir area subsidence zone is subject to continuous wet and dry cycles, resulting in the intensified weathering of the rock mass and deterioration of the mechanical properties [9]. Moreover, the ionic component of groundwater is very complex, and the water–rock interaction with the rock mass is diverse; the resultant deterioration in rock mechanical properties has gradually attracted the attention of many scholars.



On the one hand, many scholars have studied the acid solution corrosion of rock mass. Li [10] prepared different water–rock chemical solutions and performed shear strength tests on building bedrocks, the test results showed that the shear strength of the building bedrock in an alkaline condition was less degraded than under an acidic condition. With the increasing degree of water–rock chemical damage, the internal friction angle and cohesion of building bedrocks decreased. Cai et al. [8] conducted uniaxial mechanical tests on sandstones eroded by solutions with various pH values and summarized the effect of different chemical solutions on the uniaxial compressive strength, axial strain corresponding to the peak axial stress and elastic modulus of the samples by generalizing their chemical corrosion mechanisms. Shang et al. [11] conducted direct shear tests on artificial granite fracture samples immersed in chemical solutions with various pH values for different durations. They concluded that the shear characteristics of the fractures are mainly caused by the dissolution effect of acidic solutions, and acidic groundwater is critical for the short-term or long-term stability of fractured rock masses in geological engineering.



On the other hand, the instability failure of rock mass is closely related to the water–rock interaction [12,13,14]. Due to the chemical corrosion after the water–rock interaction, the connection between mineral particles is weakened, and the microstructure of rock mass changes. Therefore, many scholars carried out instability and failure tests on different rocks. Chen et al. [15] have already found that the structure of diorite samples became loose after decreasing the pH, accompanied by microcracks that weakened its macromechanical properties. They also established a strength damage model of diorite considering acidification. Luo et al. [16] studied the triaxial creep characteristics of sandstone under the water–rock interaction for the long-term stability of rock engineering, especially the creep of rock under water action, and established a nonlinear creep intrinsic model to capture the degradation behavior of sandstone due to the cyclic drying and wetting of reservoir water. Jin et al. [17] used typical brittle barite as the object of study and conducted a double torsion test to determine the subcritical crack expansion parameters during the rock interaction. They found that the dispersion and deviation of the rock sample surface datum increased, and the height difference decreased after the water–rock interaction.



The above research provides a solid foundation for explaining the instability effects of rock masses under a hydrostatic state. However, the influence of a hydrodynamic environment on mechanical properties of rock is rarely considered in their experiments. Hence, this paper was based on the previous mechanical experiments, focusing on the hydrodynamic environment; considering the perspective of rock damage evolution under different pH acidification and flow rate scouring, we further analyze the detailed action mechanism of the solution’s acidity and flow rate on the mechanical properties of rocks through experiments. The influence law and action mechanism of dynamic water scouring obtained from the test can provide some theoretical basis for the stability control of bedrock under a hydrodynamic groundwater environment.




2. Materials and Methods


2.1. Sample Preparation


The rock samples used in the experiment are taken from the diorite bedrock of the pile foundation of Hanjiang Bridge in Ankang City, Shaanxi Province (see Figure 1a,b). To reduce the discreteness of rock samples, the samples were taken from the same large bedrock of Pier #4 at a depth of 80 m below water level, and the cores were drilled uniformly in the sedimentary direction of bedrock with core diameter Φ of 150 mm (see Figure 1c). Cores were taken over an area of 0.5 m2 along the direction of bedrock deposition. In order to improve the reliability and comparability of the test results, the appearance of the processed specimens was screened and samples with obvious apparent defects were removed. The diorite samples were subjected to wave velocity measurements using the NM-4B non-metallic ultrasonic detection analyzer (key laboratory of southern coal mine, Hunan University of Science and Technology, Xiangtan, China) (see Figure 1d,e). The sensitivity of the detector was less than 30 μV, the ultrasonic pulse method was performed with a sampling interval of 0.1 μs. Vaseline was selected as the coupling agent and a pressure of approximately 0.05 MPa was applied to the longitudinal wave transducer.



Wave velocity measurement is essentially the transmission of a mass vibration through a medium. The working principle of wave velocity measurement is shown in Figure 1f. The time distance between emission and reception of the pulse is measured by the time measurement device, and the zero delay time t0 of the wave in the probe detector system is deducted, which gives the wave propagation time t in the medium. The equation for calculating the wave velocity is:


   v p  =  L   t p  −  t 0     



(1)







In Equation (1): vp is the longitudinal wave speed, m/s; L is the distance between the transmit and receive transducer, m; tp is the propagation time of the elastic longitudinal wave, s.



The testing specimens were all diorite, and the longitudinal wave velocity was typically 3000 to 6000 m/s. Samples with similar wave velocities (4000–5000 m/s) were selected for testing [18,19]. Thus, the core collection representative for this object can be guaranteed.



The rock samples obtained by core drilling were then cut and grinded, the ends and sides of samples were cut and smoothed with a cutting machine and ground with sandpaper to ensure the integrity and smoothness of both ends and side of samples, thus avoiding test errors and end effects. According to the specification requirements [20,21,22], the standard cylindrical samples of 50 × 100 mm with smooth surface and no breakage were finally processed.



Before the test, the mineral composition of diorite samples at room temperature was tested by X-ray diffraction, and its mineral composition and mass percentage were analyzed (see Table 1). The main components of diorite were plagioclase and dark minerals, followed by quartz and minor metallic minerals. In addition, the physical parameters of all samples were measured, and samples with similar parameters were selected for testing. For instance, the diameter and height of samples were measured with vernier caliper, weighed by electronic scale and porosity was determined by the specific gravity bottle method (see Equation (2)).


  n =  (   ρ p  −  ρ d   )  /  ρ p  × 100 %  



(2)







In Equation (2): n is the porosity; ρp and ρd are the density of the dry rock and the density of the particles, respectively.



Part of the specimens were numbered sequentially from S-1–S-16, and divided into four groups of four samples in each group. The relevant physical parameters of diorite were measured as shown in Table 2.




2.2. Realization of Solution Scouring Environment


The solution scouring test was performed by setting the solution flow rate v as 0, 300, 600 and 900 mm·s−1 with a self-made hydrodynamic scouring device to simulate the natural aqueous solution condition (see Figure 2), where the monitoring flow rate on site was 300 mm·s−1. Combining with the maximum content of cationic root Na+ and anionic root Cl− in the groundwater on site, we prepared the NaCl solutions with pH values of 1, 3 and 5 by appropriately increasing the concentration of reactants to simulate the long-term scouring and erosion effects of diorite by weak acidic groundwater on site (pH = 6.56) with a relatively short laboratory test time (60 days) [23] (see Table 3). In addition, the solution of groundwater condition in the practical project (pH = 6.56) was also sampled for the test (see Table 3).



Different aqueous solutions have different chemical compositions [24]; in order to avoid test errors caused by different test solution sampling, the configuration of the test solution is all based on the on-site water for the deployment. The configuration and calibration steps of acidic NaCl solution for this test were as follows:




	(1)

	
Measure a quantity of concentrated hydrochloric acid and add distilled water to dilute one 500 mL hydrochloric acid solution.




	(2)

	
A total of 0.75 g anhydrous sodium carbonate was weighed as the reference substance and dissolved in 300 mL distilled water, then 5 drops of methyl orange indicator were added.




	(3)

	
The sodium carbonate solution in (2) was calibrated with the hydrochloric acid solution configured in (1) until the color turned orange, and the pH value of the solution was determined by the PHS-25 pH meter.




	(4)

	
For (3), slowly adding distilled water in the configuration solution to dilute to the required concentration and pH value of Table 3 and adding an appropriate amount of NaCl powder in the dilution process to fully stir until complete dissolution.










2.3. Laboratory Contents and Methods


The flushing device was used to flush the diorite samples in chemical solutions with pH values of 6.56, 5, 3 and 1 for 60 d at different flow rates, respectively. Then, we conducted uniaxial compression tests with MTS-815, electron microscopy scanning (SEM) with SU3500, energy dispersive spectroscopy (EDS) with SU3500 and X-ray diffraction (XRD) tests with D8 Powder Diffractometeron of the scoured and naturally dried samples. The powder from the surface of the treated specimen was taken and ground. The uniaxial compression test was performed using the MTS-815 electro-hydraulic servo rock mechanics system at the Southern Coal Mining Key Laboratory of Hunan University of Science and Technology (HUST) (see Figure 2c). MTS-815 was developed by American MTS company for rock and concrete, which has three sets of independent closed-loop servo control functions: axial pressure, perimeter pressure and pore water pressure. The physical and mechanical parameters and stress characteristics of diorite were obtained, and the stress–strain curves of rock samples were plotted. In addition, the variation of mechanical parameters, strength and deformation damage processes, microstructure and macroscopic damage patterns of diorite under different conditions were analyzed. Furthermore, the damage mechanisms of diorite under uniaxial compression with different flow rates and pH values were described in detail.





3. Results


3.1. Effect of Flowing Acid Solution on Elastic Longitudinal Wave of Diorite


	
Analysis of variation with pH






The elastic longitudinal wave velocity of rocks is influenced by elastic parameters, such as rock density, Young’s modulus and Poisson’s ratio. Thus, the factors affecting these physical parameters also influence the elastic longitudinal wave velocity [25]. Conversely, the relevant elastic constants of material can be measured by ultrasonic speed measurement. Therefore, the longitudinal wave velocity reflects the integrity of the rock’s internal structure to a certain extent. Figure 3 shows the change in the elastic longitudinal wave velocity (vp) of diorite after treatment with acidic solutions of different pH values (field flow rate v = 300 mm·s−1).



Figure 3 indicates that the changing trend of diorite specimens’ vp treated by acidic solutions with different pH values is basically the same. The longitudinal wave velocity increases slightly from 0 to 20 d, increases sharply from 20 to 40 d and decreases exquisitely from 40 to 60 d. When the experimental time reaches 40 days, the specimens’ vp dispersion under different pH solutions gradually increases. On the 60th day, the specimens’ vp dispersions are smaller than the 40th day, while the vp distribution was still relatively dispersed.



To quantitatively analyze the influence of the acidic solution on the elastic longitudinal wave velocity of the rock, the damage factor Dp of the rock’s elastic longitudinal wave velocity is defined, and the diorite specimen’s Dp after the flowing acidic saturation is calculated as follows [26,27]:


     D p  =    v  sp   −  v  fp      v  sp     × 100 %  



(3)







In Equation (3): vsp and vfp are the initial and final elastic longitudinal wave velocities of the rock before and after saturation, respectively.



The average elastic longitudinal wave velocity and damage factor Dp of diorite specimens at various time nodes (every 10 days) after saturations with different pH values are shown in Table 4. After 40 d of cyclic scouring in NaCl solution with pH values of 6.56, 5, 3 and 1 (flow rate v = 300 mm·s−1), the vp was the highest, which were 4880, 4594, 4384 and 4213 m s−1, respectively. Among them, after saturation with pH = 1, the vp was the smallest. This indicates that the hydrogen ion concentration in the acidic solution has an impact on the internal structural integrity of diorite specimens. The higher hydrogen ion concentration causes greater corrosion on diorites [28]. Moreover, the damage factor of the longitudinal wave velocity also intuitively reflects that the lower the pH value is, the greater the impact on the rock’s vp is.



	
Analysis of variation with flow velocity






To study the time-dependent variation of the diorite’s vp under different flow rates scouring, the acoustic wave test instrument was used to test diorite specimens every 10 days; the results are shown in Figure 4. When the solution flow rate v = 0 mm·s−1, the specimens’ vp fluctuated slightly and the overall trend was slowly decreasing (see Figure 4a). Figure 4b–d show that at the initial scouring period (first 10 d) with flow rates of v = 300, 600 and 900 mm·s−1, the diorite specimens’ vp decreased significantly with a fluctuation change subsequently. The amplitude of fluctuation decreases with time, while the period of fluctuation increases with time. For instance, after scouring for 60 d with a flow rate v = 900 mm·s−1, the elastic wave velocity decreased from 3891, 3998, 4225 and 4533 m·s−1 to 3308, 3450, 3557 and 3686 m·s−1, respectively, with a decrease of 14.97, 13.71, 15.82 and 18.68%. After scouring for 40 d, the vp of each sample gradually stabilized.



The change in diorite specimens’ vp with time under the hydrochemical action of the flow condition is relatively complex [29,30,31,32]. The following analysis was made by combining the previous research results:



(1) At the initial stage of the flowing acid solution saturation, the active oxides of the intact diorite specimens reacted with the H+ in the solution. It caused the rapid dissolution of the diorite, resulting in increased porosity and decreased wave velocity. Subsequently, as the solution’s pH value gradually tends to neutral, the chemical reaction effect gradually decreased. The water-absorbing effect and precipitation of the products increased the rock’s saturation, the homogeneity gradually improved and the vp showed a trend of slow growth to stability. However, the experimental specimens are heterogeneous materials with some implied tiny cracks, which gradually increase in the process of washing and erosion by the flowing solution. It leads to the generation, development and expansion of new cracks. Furthermore, both the selective variability of the chemical corrosion effects of the rock minerals and the scaled microdistribution effects of the vp changes caused by different saturation levels may lead to fluctuating trends in the vp.



(2) Under flowing conditions, aqueous solutions enter the rock to gradually saturate the micropore space. Moreover, a small amount of CaO and MgO reacts with water to form Ca(OH)2 and Mg(OH)2, and the products filled in the primary cracks and defects of the diorite, which has a certain repairing effect on the primary cracks and defects. Eventually, the vp gradually increases slowly, resulting in a fluctuation phenomenon.



(3) Compared with the static water environment, the migration and scour characteristics of a moving water environment increase the contact area between the specimens and the aqueous solution, so that the mineral components are fully exposed to the acidic environment, which increases the water absorption of the rocks and the randomness and uncertainty of the water–rock chemical reaction. The variation trend of the vp is more obvious than that of a static water environment.



(4) When t = 60 d, the saturation of the specimens by drying treatment decreased, and the vp measured at this time was all lower than at t = 50 d under a water-saturated state. Here, the elastic longitudinal wave velocity damage factor Dp is also used to analyze the vp change in the diorite specimens after the action with the flow chemical solution. The calculated results are shown in Table 5.



In Table 5, although the rock saturation increases after the water–rock interaction, the reaction of the acidic solution H+ ions with diorite active minerals causes rock particles to activate and dissolve, which migrate in combination with the solution scouring. Thus, the crack structure is generated, which increases the porosity and heterogeneity of the specimen, degrades the physical properties of the specimen and finally reduces the vp.




3.2. Analysis of Uniaxial Compression Stress–Strain Curve


3.2.1. Strength and Deformation Characteristics


	
Effect of pH value on strength and deformation of diorite






After the samples were placed in different acidic conditions for 60 d and dried, the stress–strain curves of the samples with a median peak strength in each group were selected, as shown in Figure 5. The uniaxial compressive strength was 36.48 MPa in the dry condition and 19.67 MPa in the pH = 1 condition, which decreased by 46.08%. The compressive strength decreased with the increase in environmental acidity.



Observing Figure 5, it can be seen that during the whole loading and failure process of the diorite specimens, there were four stages: (I) the crack closure and compaction stage, (II) elastic deformation to crack stable expansion stage, (III) crack unstable expansion stage and (IV) post-peak expansion stage [33,34]. Due to the different environmental acidity of the samples, their characteristics were also different: (I) In the initial crack compaction stage, the concave degree of the curve reduces with the decrease in the pH value, and the number of new cracks produced in this stage is also reduced when the load is just loaded. (II) From the elastic deformation to the crack stable expansion stage, the curve’s slope gradually decreases with the increase in acidity, indicating that the elastic modulus also gradually reduces. (III) In the crack unstable expansion stage, compared with the dry samples, the peak stress of the samples after the acid solution treatment decreased significantly, and the stress platform appeared around the peak of this stage, but the duration was short. This is due to the gradual deformation and expansion around the initial fracture [35,36]. (IV) In the post-cracking stage, the dried samples’ stress dropped rapidly and vertically after the peak, showing obvious strong brittleness and low plasticity, indicating that the dried samples are dense. In contrast, the internal structure of the acidified samples is loose due to the water–rock interaction, and the lack of intergranular cement leads to the plasticity becoming significantly enhanced.



Taking pH = 3 as an example, Figure 6 reflects the uniaxial compression stress–strain curve after the specimen was extracted and dried at a time point of 10 d. The increase in the acidification time resulted in the peak stress decreasing significantly from 36.48 MPa (0 d) to 22.52 MPa (60 d), with a decrease of 38.27%. Here, the degradation degree of the uniaxial compressive strength Q(t) [28,37] is defined to quantitatively analyze the time-dependent characteristics of each solution pH on the specimen uniaxial compressive strength deterioration. The expression of Q(t) is given by:


     Q  ( t )   =    σ  d 0   −  σ  d ( t )      σ  d 0     × 100 %  



(4)







In Equation (4): σd0 is the uniaxial compressive strength of diorite under the dried condition, and σd(t) is the uniaxial compressive strength of diorite after t days of acidification.



The variation characteristics of the uniaxial compressive strength deterioration in the rock samples with time for the four acidic conditions are shown in Figure 7. It can be seen that at the same time point, the lower the pH value, the greater the uniaxial compressive strength deterioration of the rock samples. At the same pH value, the degradation degree of the compressive strength gradually increases with time. Meanwhile, the growth rate of the degradation gradually slows down, and the degradation will stabilize after reaching a certain time, which is 25 and 30 d for the rock samples in the pH = 5 and pH = 6.56 conditions, respectively. In the acidic condition of pH = 1 and 3, the rock samples’ degradation gradually slowed down within 60 d, but there is still an upward trend. Therefore, they will converge to 0 at some time point greater than 60 d.



	
Effect of flow velocity on strength and deformation of diorite






Figure 8 shows the uniaxial compression stress–strain curves of the rock samples under different flow velocity conditions. Overall, the uniaxial compressive strength of the rock samples basically showed a trend of decreasing with the increase in the solution flow rate, while the deterioration process and degree were somewhat different by different flow rates. Compared with the dry condition, the uniaxial compressive strength of the specimens decreased to 128.32, 121.04, 112.16 and 87.24 MPa after 60 d of flushing at different flow rates (from low to high), which reduced by 5.38, 10.75, 17.30 and 35.67%, respectively. It can be seen that the degradation effect of low velocity (v = 0, 300, 600 mm·s−1) scouring is inconspicuous, while high velocity (v = 900 mm·s−1) scouring has a sharp strength attenuation. In other words, the strength damage of the diorite increases with the increase in the solution velocity, and the damage rate increases gradually with the increase in the solution velocity. It is especially emphasized that there is a certain dispersion in the test data, which is due to the rocks being natural geological materials and the specimens themselves have a certain heterogeneity [38,39].



According to the uniaxial compressive strength test results of the diorite, the uniaxial compressive deformation characteristics of the specimens in different states are obtained as follows:




	(I)

	
Initial fracture compacting stage (OA stage): After solution scouring, some specimens show an obvious depression type in this section, especially in the initial stage of the specimen entering the solution environment. It indicates that the erosion and dissolution of the diorite by a solution increase or lengthen its pores and lengthen the initial fracture compaction stage.




	(II)

	
Elastic deformation to crack stable expansion stage (AB stage): After different flow rates scouring, the curve slope of the diorite samples at this stage has been reduced in varying degrees. It indicates that the elastic modulus of the diorite decreases after being scoured by the solution, and the elastic modulus of the diorite decreases most obviously after being scoured by v = 900 mm·s−1.




	(III)

	
Unstable rupture development stage (BC stage): Scouring with different flow rates, when the stress reaches a certain value, part of the stress–strain curve for diorite rock samples starts to bend downward. The rock samples after scouring with 300, 600 and 900 mm·s−1 flow rates have an obvious yield platform, and plastic deformation increases, which means that the plasticity of the diorite is enhanced by flow scouring and the peak strength decreases significantly compared with the natural drying state.




	(IV)

	
Post rupture stage (CD stage): After scouring by flow rates, specimens still have a relatively large deformation after the peak point, illustrating that the solution scouring increases the ductility of diorite to some extent.









Figure 9 and Figure 10 show the variation curves for the uniaxial compressive strength of the rock samples with time under four flow velocities. It is observed that the intensity gradually degrades with the scouring time; however, the reduction rate slowly declines (see Figure 9). With the same action time, the faster the flow rate, the greater the degradation degree of the compressive strength, and the degradation degree of the compressive strength tends to increase with the prolongation of the scouring time. The growth of the rock sample’s deterioration is relatively gentle in a low-speed state, and the increase is more obvious in a high-speed state (see Figure 10). Compared with the test results on the compressive strength deterioration of the diorite specimens after acid solution action, the strength deterioration of the specimens under flow rate scouring increased slowly at a smooth and uniform rate overall, and eventually tended to 0 with time [40].




3.2.2. Deterioration Characteristics of Mechanical Parameters


	
Effect of pH value on mechanical parameters of diorite






After the diorite sample enters the (II) elastic deformation to crack stable expansion stage, the stress–strain curve shows an approximately straight line segment. At this time, the elastic modulus E and Poisson’s ratio μ are used to reflect the deformation characteristics of the sample at this stage. The average elastic modulus and Poisson’s ratio were calculated by Equations (5) and (6), and the results are shown in Table 6 and Figure 11.


    E =  (   σ B  −  σ A   )  /  (   ε B  −  ε A   )   



(5)






  μ =  (   ε  dB   −  ε  dA    )  /  (   ε B  −  ε A   )   



(6)







In Equations (5) and (6): reference specimen stage (II) (see Figure 5a–e), σA and σB are the stress values of starting point A and ending point B, respectively; εA and εB are the axial strains of points A and B, respectively; εdA and εdB are radial strains of points A and B, respectively.



According to Table 6 and Figure 11, the diorite’s elastic modulus is negatively correlated with the solution pH value and decreases as a negative exponential function, showing a gradually decreasing trend. Following 60 days at the pH 6.56, 5, 3 and 1 conditions, the specimens showed a decrease in elastic modulus of 35.24, 51.80, 59.76 and 60.20% compared to the drying condition, respectively. This shows that the corrosion softening effect caused by acidification will be enhanced as the increase in solution acidity. In addition, Figure 11 also shows that the solution pH value has a great influence on the Poisson’s ratio of diorite, which is positively correlated and increased exponentially as a function of the pH value. After 60 d of treatment in pH = 1, the Poisson’s ratio of the diorite cumulative increased by 13.71% compared with the drying state.



	
Effect of flow velocity on mechanical parameters of diorite






The calculated average elastic modulus and Poisson’s ratio of the diorite rock samples under different flow rates are shown in Table 7, which is plotted in Figure 12.



The deeper flow rate erosion of diorite is directly characterized by a smaller E value in the elastic deformation phase on the stress–strain curve [41,42]. Based on the elastic modulus of rock samples under the natural drying condition, the diorite’s elastic modulus showed a decreasing trend with the change in the solution flow rate after being scoured by different flow rates.



The diorite’s elastic modulus decreased significantly after 60 d of scouring by three solution flow rates with 300, 600 and 900 mm·s−1, and the decrease in the elastic modulus enhanced gradually with the growth of the flow rate, while the decrease in the elastic modulus was smaller after scouring by a flow rate of 0 mm·s−1. The average elastic modulus of specimens treated with different flow rates (from low to high) were 29.09, 26.80, 25.78 and 24.30 GPa, which, compared to the dry condition, decreased by 5.82, 7.86, 11.37 and 16.47%, respectively. This revealed that the higher the solution flow rate, the more obvious the deterioration damage effect caused by physical action. However, the Poisson’s ratio of diorite tends to increase with the acceleration of the solution flow rate. Compared with v = 0 mm·s−1, the Poisson’s ratio increases from 0.435 to 0.814 at v = 900 mm·s−1, with a cumulative increase of 53.73%. It is worth explaining that the mechanical parameters of the diorite specimens were less damaged by flow scouring compared to the acidic solution erosion effect, and the degradation range was relatively average throughout the process.






4. Analysis of the Damage Mechanism for Diorite under Flowing Acidic Solution Scouring


4.1. Analysis of Microscopic Change Characteristics


The macroscopic morphological changes in diorite are closely related to its microstructural changes [43]. In order to intuitively study the microstructural changes in diorite under the influence with different solution flow rates and pH values, scanning electron microscopy (SEM) was used to compare and analyze the surface minerals, defect morphology and pore structure of the specimens before and after different conditions. In addition, the changes in the mineral element content around the pores were tested using the energy dispersive spectroscopy (EDS) analysis technique.



	
Analysis of variation with pH






As shown in Figure 13a, before the experiment, the surface structure of the diorite was dense, but the pores were not obvious. In addition, the crystal and cleavage shape of the mineral is clear, the fracture characteristics are obvious and there are extensive cementation surfaces between the grains. After 60 d of the test, at pH = 6.56, the mineral particle angles became smooth or disappeared, with occasional regular crystal particles, and the surface structure of the diorite was relatively dense with insignificant secondary pores (see Figure 13b). Under the pH = 5 condition, the surface structure of the diorite tends to be loose and secondary pores are developed, and the dissolution effect is more obvious (see Figure 13c). In the condition of pH = 3, the interlayer becomes blurred, the local structure is relatively looser and the amount of microporosity increases making the originally dispersed independent small-sized microporosity interconnect and intersect to form larger-sized “gullies” (see Figure 13d). At the pH = 1 condition, the chemical corrosion degree of the diorite was intensified, and many small pores of dissolution appeared on the crystal surface, which was in a honeycomb structure. After 60 days of the experiment, the edges and corners of the mineral particles became smooth or disappeared under pH = 6.56. Regular crystal particles were occasionally observed, and the surface structure of the specimen was relatively dense, with no obvious secondary pores (see Figure 13e). It shows that the lower the pH of the acidic solution and the stronger the acidity, the more serious the chemical damage to diorite.



An electron spectroscopy test is confined to a microscopic area each time (the location of the red cross pointer in Figure 13a–e), and rocks are a collection of multiple minerals, which belong to heterogeneous materials; the results of a single-point analysis have great randomness. Therefore, several energy spectral tests were performed at different locations on the specimens, and the mass and atomic number content of the main elements were averaged (see Table 8). Combined with Figure 13 and Table 8, there was an overall decrease in the elemental contents of Al, K, Ca, Fe and Mg in the diorite under the action of acidic solutions with pH = 5, 3 and 1, which is mainly due to the chemical reaction between some minerals of the diorite and the H+ in the acidic solution, resulting in the dissolution of some elements and migration out of the rocks. Furthermore, due to the adsorption of the diorite, the elemental content of Cl and Na in the samples increased to a certain extent after the action of the NaCl solution. The contents of the major elements showed generally little variation at pH = 6.56 (data differences were caused by sample heterogeneity).



	
Analysis of variation with flow velocity






Figure 14 shows the microscopic electron micrographs of the diorite specimens before and after 60 d of scouring by each flow rate, which was magnified 1000 times with the electron microscope scanner. From Figure 14, it is shown that: (1) In the natural drying state, the internal structure of the specimens was without obvious fissures and pores, with tight cementation between minerals and a little debris attached to the surface (see Figure 14a). (2) Under the condition of v = 0 mm·s−1, some hydrophilic compounds of specimens dissolved in the water, while some minerals reacted with the aqueous chemical solution, the gap between the minerals increased and the amount of surface debris slightly enhanced (see Figure 14b). (3) After erosion by the v = 300 mm·s−1 scouring, the pore size enlarged and some pores were connected, resulting in the development of internal microfractures (see Figure 14c). (4) At the v = 600 mm·s−1 condition, the pores and microcracks further expanded and increased, and the cementation structure between the minerals was seriously damaged. In addition, more rock debris of different sizes was scattered on the surface (see Figure 14d). (5) By the v = 900 mm·s−1 scouring, the proportion of the medium and large pores in the specimen rose, and the pore spacing was further extended. A large number of mineral particles lose the wrapping of cementation, the bonding between particles was loose and lots of granular debris were attached to the surface (see Figure 14e). From the above, it can be seen that the faster the solution flow rate, the more serious the microstructure damage on the surface of the rock samples. It also reflects that the greater the erosion intensity of the solution, the more serious the damage to the macroscopic mechanical properties of the rock.



The electronic energy spectrum tests were carried out on the specimens after different flow rates of scouring, and the mass and atomic number content of the main elements in the specimens are shown in Table 9. Figure 14 and Table 9 show that the content of metallic elements all decreased to varying degrees with the enhancement of the flow rate, as Al, K, Ca, Fe and Mg. Among them, Ca, Fe and Mg were almost completely dissolved away in the condition with a flow rate of 900 mm·s−1, while the Na and Cl content increased significantly. The reason is that the diorite itself contains less CaO, GaAlSi3O8 and mafic minerals, which are rapidly dissolved and decomposed under acidification and the scouring effect, and the precipitated Ca2+, Mg2+, Fe2+ and Fe3+ ions travel away from the rock mass with the rapid movement of water.



Comparing the surface microscopic changes in the diorite specimens, as well as the changes in mass and atomic number content of major elements under acidification and scouring, the damage deterioration degree of specimens under acidification is not as serious as that under scouring. This is caused by the fact that the diorite specimens are in a relatively stable water chemical solution environment for a long time, while the water flow environment is unstable and violent scouring erosion occurs occasionally.




4.2. Analysis of Chemical Damage Mechanism


The XRD diffraction analysis of the diorite specimen powder before and after the 60 d scouring by different pH solutions, as well as different flow rates, is shown in Figure 15. Figure 15 shows that the mineral peaks of untreated diorite are obvious, which are Potassium Feldspar (KAlSi3O8), Albite (NaAlSi3O8), Anorthite (GaAlSi3O8), Quartz (SiO2), Mica (KAl3Si3O10(OH)2) and dark mafic minerals. The percentage of feldspar minerals and Quartz is relatively larger, followed by Mica and a few metallic minerals.



According to the results of the XRD diffraction mineral composition analysis in Figure 15, the Jade software was used to draw the mineral percentage content comparison diagram of the diorite specimens before and after treatment for 60 d (see Figure 16). From Figure 16, the percentage content of all minerals decreased to different degrees: Plagioclase and Mica were particularly serious, as the Plagioclase declined from 56.81 to 39.23% under acidification, a decrease of 30.95%, and Mica reduced from 15.56 to 9.32%, a decrease of 40.10%; the feldspar minerals fell by 29.37% from 56.92 to 40.20%, and Mica fell by 34.13% from 17.64 to 11.62% under the scouring effect. Moreover, the percentage content of the generated new minerals, namely other minerals, increased significantly. Comparing the mineral composition analysis results of the diorite specimens under the two action mechanisms, the damage degree of the rock samples under acidification is more serious, but the overall difference is less. In summary, based on the chemical kinetic reaction principle [44], the main mechanisms for analyzing the chemical damage on the diorite specimens by the acidic scouring condition are:




	
Water–rock chemical mechanism








The hydrolysis reaction rate of Quartz in diorite is usually slow, and its influence is ignored in a laboratory test-time scale. The water–rock chemistry of Plagioclase and Mica in diorite is mainly considered below.



Plagioclase (Potassium feldspar, Albite, Anorthite):


      KAlSi  3   O 8  + 4  H +  + 4  H 2  O → 3  H 4    SiO  4  +   Al   3 +   +  K +   



(7)






    NaAlSi  3   O 8  + 4  H +  + 4  H 2  O → 3  H 4    SiO  4  +   Al   3 +   +   Na  +   



(8)






    CaAl  2    Si  2   O 8  + 8  H +  → 2   Al   3 +   + 2   SiO  2  + 4  H 2  O +   Ca   2 +    



(9)







Mica:


    KAl  3    Si  3   O  10     ( OH )  2  +  H +  + 1.5  H 2  O → 1.5   Al  2    Si  2   O 5    ( OH )  4  +  K +   



(10)







In an acidic solution, mineral dissolution is predominant, thus the water–rock chemical mechanism produced by the specimen is closely related to the pH of the solution. Under an acidic environment, especially the moving water state enlarges the touching of the solution with the mineral column, and at the contact interface between them, the soluble minerals react with H+ and dissolve rapidly, producing K+, Na+, Ca+ plasma [45]. These released cations’ chemical properties are very active, and they will continuously dissolve the main minerals of the rock, loosening the intergranular structure and creating microcracks and pores in the rock, resulting in the reduced strength of specimens.



	2.

	
Mechanism of hydration erosion







According to the chemical kinetic reaction principle [44], the following chemical reactions exist between the main compounds in diorite and the NaCl acidic solution:


   K 2  O + 2  H +  = 2  K +  +  H 2  O  



(11)






    Na  2  O + 2  H +  = 2   Na  +  +  H 2  O  



(12)






  CaO + 2  H +  =   Ca   2 +   +  H 2  O  



(13)






    Al  2   O 3  + 6  H +  = 2   Al   3 +   + 3  H 2  O  



(14)






      Fe  2   O 3  + 6  H +  = 2   Fe   3 +   + 3  H 2  O  



(15)






  MgO + 2  H +  =   Mg   2 +   +  H 2  O  



(16)







Figure 15 and Figure 16 both confirm that, under the action of flowing acidic solutions, the above chemical reactions lead to a decrease in the content of active compounds such as K2O, Na2O, CaO, Al2O3, Fe2O3 and MgO in diorite, while the corresponding K+, Ca2+, Al3+, Fe2+, Fe3+ and Mg2+ plasma concentrations in the chemical solution are increased. In addition, Figure 15 and Figure 16 also show the variable sensitivity of different compounds in diorite to acids, with more active reactions between CaO and Al2O3 with the NaCl acidic solutions, and the concentration of corresponding ions in the chemical solution is also higher at the end of the reaction. However, in the condition of the NaCl solution with pH = 6.56, it was difficult for obvious chemical reactions to occur, and the compound content in the diorite was basically unchanged.



Therefore, under the action of acidic solutions, some mineral particles in diorite result in multiple chemical reactions with ions in the solution, which cause damage to the physical and mechanical properties of the particle skeleton. In addition, the products exist in an ionic state, and some reaction products precipitate out of the rock with the flow of the solution. Thus, the pore size and shape of the rock mineral particles and their microscopic structure and defect morphology are changed. This also changes the macroscopic physico-mechanical properties of rock, and this effect becomes more obvious with the increase in solution rate.



	3.

	
Physical mechanism of action







In the process of groundwater flow, on the one hand, it produces physical effects such as lubrication, softening, argillization, strengthening of bound water and scouring transport of rock mass. On the other hand, it continuously results in dissolving, hydrolysis, ion exchange, redox and other chemical reactions with rock mass, which results in the mineral composition, microstructure and physical properties of the rock mass changing, and then change to its macroscopic mechanical properties. Furthermore, the erosive effect of the acidic solution on diorite leads to the reduction in the inter-mineral particle connection force and inter-particle or inter-fracture surface friction. The decrease in the pore pressure of water reduces the compressive stress between particles, thus producing a cleavage effect on micropores, which in turn causes the deterioration of the rock strength damage.





5. Conclusions


(1) The changes in the elastic longitudinal wave velocity of specimens after different pH treatments had a similar law. The wave velocity increased slowly from 0 to 20 d, increased sharply from 20 to 40 d and decreased sharply from 40 to 60 d; under different flow rates, the sample’s wave velocity first drops sharply and then tends to be flat.



(2) The influence mechanism of the solution pH and flow rate on the mechanical parameters of diorite was investigated. Acidification and scouring effects both deteriorate the mechanical parameters of specimens. When the solution pH was low and the flow rate was high, the peak strength, peak strain and elastic modulus of the specimens were reduced, and Poisson’s ratio was increased. Under different treatment conditions, the diorite experienced all four stages: (I) the crack closure and compression stage, (II) elastic deformation to stable crack expansion stage, (III) unstable crack expansion stage and (IV) post-peak expansion stage. The deformation characteristics of the specimens were more obvious under the scouring action.



(3) The degree of apparent structural damage in diorite is controlled by acid strength, flow rate magnitude and action time. Macroscopically, after the rock samples were placed in pH = 5, 3, 1 solution or flushed at 300, 600, 900 mm·s−1 for 60 d, the surface microfractures developed rapidly, the pores increased and penetrated to form “gullies”. A large number of mineral particles were lost and disappeared or were altered to small debris particles, resulting in obvious unevenness. After treatment with pH = 6.56 or 0 mm·s−1, there was no significant change in the macroscopic appearance of the rock samples. Microscopically, with the passage of time, the defects such as mineral composition, microfine structure, microporosity and microfractures of samples under different treatment conditions will change. Its internal regular crystalline form into honeycomb and then gradually develop into microfractures.



(4) The decisive factor of bedrock stability depends on whether the mechanical properties of the rock mass are stable. Through this study, it was found that due to the existence of hydrophilic minerals in diorite, as well as considering the complexity of ionic fractions in the groundwater environment, there are various physical and chemical damage mechanisms such as hydrolysis, dissolution, ion exchange and cleavage action near the contact interface between the rock interior and the water–rock. Meanwhile, due to the long-term solution flow condition, the crack structure formed later will be more complex in form, and the quantity, size and degradation of mechanical properties will be more serious over time. Therefore, it is necessary to further consider whether the bedrock of other lithology is used, or the corresponding preventive measures are made for acidification corrosion and flow scouring erosion deterioration problems.
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Figure 1. On-site environment and sample preparation: (a) geological structure location map of Hanjiang River Bridge Construction Project; (b) the bedrock of pile foundation of Hanjiang Bridge; (c) bedrock cores; (d) standard specimen of diorite; (e) the NM-4B non-metallic ultrasonic detection analyzer; (f) principle of specimen wave velocity testing. 
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Figure 2. Realization of dynamic water scouring environment: (a) schematic diagram of hydrodynamic scouring; (b) dynamic water flushing device; (c) MTS-815 electro-hydraulic servo rock mechanics system. 
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Figure 3. Time−dependent variation curves of elastic longitudinal wave velocity of diorite under different pH values (field flow rate v = 300 mm·s−1). 
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Figure 4. Time−dependent variation curve of elastic longitudinal wave velocity (including error bars) of diorite under saturations with different flow velocities (field pH value = 6.56): (a) v = 0 mm·s−1; (b) v = 300 mm·s−1; (c) v = 600 mm·s−1; (d) v = 900 mm·s−1. 
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Figure 5. Uniaxial compression stress–strain curves of rock samples under different pH values (field flow rate v = 300 mm·s−1, point (O, A–D) is the starting point and end point of different stages): (a) natural drying state; (b) pH = 6.56; (c) pH = 5; (d) pH = 3; (e) pH = 1; (f) rock samples at different pH values for 60 d. 
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Figure 6. Rock samples at each time point in pH = 3 environment. 
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Figure 7. Uniaxial compressive strength deterioration degree time-dependent change. 
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Figure 8. Uniaxial compression stress–strain curves of rock samples under different flow rates (field pH value = 6.56, point (O, A–D) is the starting point and end point of different stages): (a) natural drying state; (b) v = 0 mm·s−1; (c) v = 300 mm·s−1; (d) v = 600 mm·s−1; (e) v = 900 mm·s−1; (f) rock samples at different flow rates for 60 d. 
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Figure 9. Rock samples at each time point in v = 900 mm·s−1. 
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Figure 10. Uniaxial compressive strength deterioration degree time−dependent change. 
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Figure 11. Elastic modulus and Poisson’s ratio (including error bars) of diorite under saturations with different pH values for 60 d (field flow rate v = 300 mm·s−1). 
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Figure 12. Elastic modulus and Poisson’s ratio (including error bars) diorite under saturations with different flow rates for 60 d (field pH value = 6.56). 
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Figure 13. Scanning electron microscope analysis and energy spectrum analysis of diorite before and after treatment with different pH values (field flow rate v = 300 mm·s−1): (a) natural drying state; (b) pH = 6.56; (c) pH = 5; (d) pH = 3; (e) pH = 1. 
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Figure 14. Scanning electron microscope analysis and energy spectrum analysis of diorite before and after scouring at different flow velocities (field pH value = 6.56): (a) natural drying state; (b) v = 0 mm·s−1; (c) v = 300 mm·s−1; (d) v = 600 mm·s−1; (e) v = 900 mm·s−1. 
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Figure 15. X-ray diffraction pattern of diorite before and after acid solution scouring: (a) under different pH conditions (field flow rate v = 300 mm·s−1); (b) under different flow rates (field pH value = 6.56). 
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Figure 16. Comparison of major mineral contents in specimens before and after 60 d of diorite: (a) under pH = 1 condition (field flow rate v = 300 mm·s−1); (b) under v = 900 mm·s−1 flow rate (field pH value = 6.56). 
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Table 1. Mineral composition of diorite.






Table 1. Mineral composition of diorite.





	Minerals
	Plagioclase
	Dark Minerals
	Quartz
	Ore Minerals
	Others





	Ingredients
	Potassium feldspar

Albite Anorthite etc.
	FeO Fe2O3

MgO Mica etc.
	—
	CaOAl2O3

Na2O K2O etc.
	—



	Mass

percentage
	51–57%
	21–32%
	17–20%
	3–5%
	1–2%
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Table 2. Related physical parameters of diorite for test.
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	Sample Number
	Height

/mm
	Diameter

/mm
	Mass

/g
	Volume

/cm3
	Porosity

/%
	Bulk Density

g/cm3
	Longitudinal Wave Velocity

/m s−1
	Natural Water Content/%
	Saturated Moisture Content/%





	S-1
	100.02
	50.01
	534.18
	188.91
	5.27
	2.86
	4693
	0.92
	3.36



	S-2
	100.02
	50.02
	538.07
	189.12
	5.35
	2.79
	4310
	0.89
	3.19



	S-3
	100.04
	49.84
	536.32
	189.07
	5.24
	2.81
	4135
	0.91
	3.25



	S-4
	100.01
	49.93
	535.78
	188.87
	5.20
	2.85
	4001
	0.93
	3.37



	S-5
	100.03
	50.05
	538.03
	189.23
	4.98
	2.82
	4736
	0.88
	3.37



	S-6
	100.05
	50.03
	536.51
	189.33
	4.97
	2.84
	4342
	0.86
	3.29



	S-7
	100.02
	49.79
	538.03
	188.64
	5.19
	2.80
	4878
	0.79
	3.30



	S-8
	100.03
	49.97
	532.35
	189.05
	5.22
	2.81
	4833
	0.87
	3.24



	S-9
	100.04
	50.04
	537.14
	189.15
	5.25
	2.85
	4407
	0.93
	3.36



	S-10
	99.98
	50.06
	535.68
	188.97
	5.17
	2.81
	4092
	0.92
	3.38



	S-11
	99.97
	49.86
	537.91
	188.82
	4.96
	2.76
	4137
	0.91
	3.27



	S-12
	100.02
	49.92
	529.68
	189.07
	4.78
	2.78
	4286
	0.87
	3.31



	S-13
	100.04
	49.76
	532.26
	188.56
	5.15
	2.83
	4025
	0.86
	3.34



	S-14
	100.01
	50.02
	530.85
	189.31
	5.23
	2.84
	4012
	0.91
	3.28



	S-15
	99.97
	50.04
	534.43
	188.79
	5.26
	2.79
	4225
	0.88
	3.31



	S-16
	99.96
	50.03
	530.28
	189.23
	5.19
	2.82
	4532
	0.77
	3.32
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Table 3. Chemical solution for test.






Table 3. Chemical solution for test.





	Solution Fraction
	Concentration/(mol·L−1)
	pH Value





	NaCl
	0.01
	1, 3, 5



	On-site groundwater solution
	—
	6.56
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Table 4. Average elastic longitudinal wave velocity and damage factor of diorite under saturations with pH values of 6.56, 5, 3 and 1 (flow rate v = 300 mm·s−1).
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pH

	
Elastic Longitudinal Wave Velocity at Each Time Point/(m·s−1)

	
Dp/%




	
0

	
10

	
20

	
30

	
40

	
50

	
60






	
6.56

	
4693

	
4708

	
4732

	
4793

	
4880

	
4680

	
4585

	
2.30




	
5

	
4342

	
4368

	
4382

	
4481

	
4594

	
4385

	
4104

	
5.48




	
3

	
4137

	
4154

	
4196

	
4286

	
4384

	
4084

	
3794

	
8.29




	
1

	
4025

	
4039

	
4075

	
4142

	
4213

	
3867

	
3477

	
13.61
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Table 5. Diorite’s damage factor of elastic wave velocity under saturations with different flow velocities for 60 d.
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Sample Number

	
Flow Rate v/(mm·s−1)

	
vsp/(m·s−1)

	
vfp/(m·s−1)

	
Dp/%






	
S-1

	
0

	
4455

	
4301

	
3.46




	
S-2

	
4310

	
4178

	
3.06




	
S-3

	
4135

	
4105

	
0.73




	
S-4

	
4001

	
3969

	
0.80




	
S-5

	
300

	
4737

	
4366

	
7.83




	
S-6

	
4660

	
4416

	
5.24




	
S-7

	
4879

	
4493

	
7.91




	
S-8

	
4834

	
4598

	
4.88




	
S-9

	
600

	
4408

	
4119

	
6.56




	
S-10

	
4092

	
3640

	
11.05




	
S-11

	
4178

	
3744

	
10.39




	
S-12

	
4286

	
3902

	
8.96




	
S-13

	
900

	
3891

	
3308

	
14.98




	
S-14

	
3998

	
3450

	
13.71




	
S-15

	
4225

	
3557

	
15.81




	
S-16

	
4533

	
3686

	
18.69
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Table 6. Elastic modulus and Poisson’s ratio of 60 d diorite at different pH values.
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	Rock

Sample State
	Natural

Drying State
	pH = 6.56
	pH = 5
	pH = 3
	pH = 1





	Average elastic modulus/GPa
	8.23571
	5.33329
	3.97002
	3.31398
	3.27747



	Average

Poisson’s ratio
	0.15258
	0.15542
	0.16093
	0.16845
	0.17682
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Table 7. Elastic modulus and Poisson’s ratio of 60 d diorite at different flow rates.
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	Rock

Sample State
	Natural

Drying State
	v = 0 mm·s−1
	v = 300 mm·s−1
	v = 600 mm·s−1
	v = 900 mm·s−1





	Average elastic modulus/GPa
	30.88272
	29.08670
	26.79987
	25.77859
	24.29699



	Average

Poisson’s ratio
	0.37652
	0.43542
	0.54885
	0.66345
	0.81369
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Table 8. Main element mass and atomic number content of diorite before and after acidification.
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Parameter

	
C

	
O

	
Si

	
Al

	
K

	
Ca

	
Fe

	
Mg

	
Na

	
Cl






	
Mass

content/%

	
Dry state

	
9.22

	
31.69

	
22.51

	
11.63

	
8.76

	
5.66

	
4.36

	
3.68

	
1.65

	
0.86




	
pH = 6.56

	
12.26

	
29.92

	
20.35

	
9.54

	
11.32

	
6.12

	
3.68

	
2.82

	
2.36

	
1.63




	
pH = 5

	
10.66

	
32.08

	
24.53

	
8.43

	
8.63

	
5.06

	
3.15

	
2.04

	
2.99

	
2.43




	
pH = 3

	
8.71

	
34.38

	
21.65

	
11.57

	
6.03

	
4.12

	
2.56

	
1.74

	
5.35

	
3.89




	
pH = 1

	
11.56

	
30.85

	
26.34

	
7.69

	
5.28

	
3.86

	
2.02

	
1.56

	
5.94

	
4.90




	
Atomic

number

content/%

	
Dry state

	
15.68

	
40.46

	
16.37

	
8.80

	
4.57

	
2.88

	
1.56

	
3.07

	
1.46

	
0.50




	
pH = 6.56

	
20.85

	
38.20

	
14.80

	
7.22

	
5.91

	
3.11

	
1.31

	
2.35

	
2.09

	
0.95




	
pH = 5

	
18.13

	
40.95

	
17.84

	
6.38

	
4.50

	
2.57

	
1.13

	
1.70

	
2.65

	
1.41




	
pH = 3

	
14.81

	
43.89

	
15.74

	
8.76

	
3.15

	
2.10

	
0.91

	
1.45

	
4.74

	
2.26




	
pH = 1

	
19.66

	
39.38

	
19.15

	
5.82

	
2.76

	
1.96

	
0.72

	
1.30

	
5.27

	
2.85
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Table 9. Main element mass and atomic number content of diorite before and after scouring effect.
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Parameter

	
C

	
O

	
Si

	
Al

	
K

	
Ca

	
Fe

	
Mg

	
Na

	
Cl






	
Mass

content/%

	
Dry state

	
10.15

	
29.36

	
23.41

	
12.07

	
9.16

	
5.33

	
4.46

	
3.72

	
1.43

	
0.91




	
v = 0 mm·s−1

	
13.20

	
27.51

	
21.68

	
10.87

	
10.56

	
5.08

	
3.32

	
3.06

	
2.79

	
1.93




	
v = 300 mm·s−1

	
11.71

	
28.64

	
22.68

	
9.26

	
11.46

	
4.73

	
3.01

	
2.32

	
3.54

	
2.65




	
v = 600 mm·s−1

	
12.84

	
27.84

	
20.94

	
11.73

	
9.65

	
4.03

	
1.98

	
1.66

	
5.08

	
4.25




	
v = 900 mm·s−1

	
15.05

	
28.12

	
20.35

	
10.95

	
7.94

	
1.67

	
0.84

	
0.56

	
7.74

	
6.78




	
Atomic

number

content/%

	
Dry state

	
17.26

	
37.48

	
17.02

	
9.13

	
4.78

	
2.71

	
1.59

	
3.10

	
1.27

	
0.53




	
v = 0 mm·s−1

	
22.45

	
35.12

	
15.76

	
8.23

	
5.51

	
2.58

	
1.19

	
2.55

	
2.47

	
1.12




	
v = 300 mm·s−1

	
19.92

	
36.56

	
16.49

	
7.01

	
5.98

	
2.41

	
1.08

	
1.93

	
3.14

	
1.54




	
v = 600 mm·s−1

	
21.84

	
35.54

	
15.23

	
8.88

	
5.04

	
2.05

	
0.71

	
1.38

	
4.50

	
2.47




	
v = 900 mm·s−1

	
25.60

	
35.90

	
14.80

	
8.29

	
4.14

	
0.85

	
0.30

	
0.47

	
6.86

	
3.94

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
/%

50

o i v
5 0= 4893657 +49.86 ;- =
Wl a R 09905 _ 7= 39.67¢%11440.59
- A
v PG L
- - - Fittedcurve ~ , “v g E
sl LT o BQ,= 270152703
AP R=09973 _ _ o
5 P e
s e
20 1 7 5 =
N, ze et "
K777 pe 770, = 25326542488
/ - .
s i R =0.9897
10 /// -
/// Z &
I
o i . . : .
0 10 20 30 40 50 60

Time #/d






media/file4.png
Sealed cap

[ Water inlet ]

Sealed cap [ Water outlet |

Solution 2
Diorite

utensil ) Guide
Pump specimen channel

\ prlmmg\ D

MTS-815 electro-hydraulic servo
rock mechanics system






media/file30.png
04/13/2020

| Corner becomes
smooth, produces

small particles and |

develops secondary
pores.

06/12/2020 SR

-

Structure
gradually loose,
corrosion effect
is obvious

08/11/2020
Interlayers |
become blurred,

' micropores
increase and

10/10/2020 ,;)\

Corrosion =, >\

intensifies,
corrosion
holes appear,

honeycomb
structure.

X-ray counting
(3]
(=]

X-ray counting
o
(=]

X-ray counting

Si

g
o

K
Al
Ca
Fe
M
g Na cl
1 1 1 1 1 1 1 " 1
3 4 5 6 7 8 9 10
Energy/keV
Si
Al K
Ca
Fe Mg Na CI
1 1 1 1 1 " 1 1 1
3 4 5 6 7 8 9 10
Energy/keV
Si
Al
K
Ca Ny Cl
Fe Mg
1 1 1 1 I 2 1 1 1
3 4 5 6 7 8 9 10
Energy/keV
Si
Al
K ca Na ¢
Fe Mg
" 1 " 1 L 1 " 1 " 1 " 1 N 1 " 1

3 4 5 6 7 8 9

Energy/keV





media/file18.png
(@
- oa He™121.04
g

R Post-
© = o peak
E— 5 uhstage
: 5 \

Z R
H Elastic- §
2 . =
= plastic =
jé stage 5
&
D
- (I11) P (IV)
‘. 1 " 1 % ‘. 1
0 I 2 3 4 5 6 7

Axial strain &/107

Axial strain &/107

(e)

/

i \? Post-
'}{ peak
|‘i|stage
&

Elastic- |:|

plastic \

stage “\
q

wP

o}
am ! IV)
1 1 1
5 6 7

ClL_~112.16
oo I:l"g:'

o y Post-
o k peak
Q stage
B &
Elastic- .';
plastic Q
b
stage B
D
A (I0I) (IV)
0 1 2 3 4 5 6 7

Axial strain /107

(d)

150
- @ - Natural drying conditions q/135 62
-0 -y= 0 mm.s'l %&'128.32
120 |- v=300 mm-s ¥ 4n A7121.04
< - v - v=600 mm-s" -ﬁ'vm: Y a112.16
E v=900 mm-s’' G v
g 90 ;7 Y
2] &
3 2% ¢
& v ‘
= 2 87.24 o
‘.E 60 - ﬁ\" . b
< o 4
8 30 \
"v' A4
30 F ’,’F{ﬂ'
0 \"’? " 1 1 1 1 1 1 1
0 1 2 3 - 5 6 7

Axial strain /1073

(f)






media/file35.jpg
I
ety e )

£

Py

et e )

| o

| o





media/file21.jpg
45

s -1
4fF 9 v=0mms
o y=300 mm-s’ "
55| a3 e e 0, = BO2ETIBE g
v v=900mms!  R=09903 77
0T~ - ~Fitted curve iy
et LAY
Sl 5 0, = 18.86e77+19.12
g
e R=09939 , ___a
15t e e
v = 12.85¢2%+13.33
1] S _a-”
7 e
shol 8 s 587249.60 g -~ = @
g e
N A et i LoAE ) )
0 10 20 30 4 50 60

Time #/d






media/file26.png
Elastic modulus £ /GPa

. A

(US)
-

(\®)
o0

(O]
)

N\
3

22

o Elastic modulus /£ _

§\ % © Poisson's ratioc /u 3
- 135346599 417.414 27

‘§\ R2 0.9857 . i

£ '

= ) . P 7 ~ -~ .‘i - R -

’§_ o i, = 0.280¢%21+0,092 -

' R*=0.9973
Dry 0 300 600 900

Flow rates /mm-s’!

0.9

0.8

0.7

0.6

0.5

0.4

0.3

Poisson's ratioc u





media/file27.jpg
02/11/2020

Structural integrity,
clear edges, corners,
with extensive

cementation surface.






media/file3.jpg
Solution
utensil
Pump

Diorite
specimen
PR





media/file22.png
45

40

o y=0mm-s’"

o v=300 mm-s’" ,

— 26.38

- A y=600 mm-s’ O, = 38.02¢**+38.68 v

v v=900 mm-s’ R’ =0.9903 _ -~ v-
_-- - - Fitted curve ia v
B 7 6

7 & {
2 5 0, = 18.86¢717+19.12
7
,° R*=09939 , __aA
] ’ 2~ "~ Q(:) = 12. 85e422"+13 23
/ o
- - _ B Q
// ,/A | —___.9_65,70--

. / Af - o e o) e S 1
VRS R L
//:-.'"-?-.—. 1 _R _IO'99,13 i ) | ‘ .

Time #/d






media/file19.jpg
Axial stress o;/MPa

150

120

2
3

60

30

L i L

& 4 5
Axial strain £/107






media/file7.jpg
]

iy s
H

H

ia v veoc
H

Longudin
Tl 1

Loy

d

(b)

H

FEREE






media/file10.png
Axial stress 0;/MPa

—_—
(=

Axial stress 0;/MPa

Axial stress 0,/MPa

B
<

(98] (98]
< W
1 = 1 B

o
(%]
T T

Compaction
stage

o
<
1

—
n
1

o

ote

L I:rl:l'
5k
i@ ,n)’d(l) )
2 1

0 2

4
Axial strain &,/107

(a)

4 6
Axial strain &,/107

(c)

4

Axial strain &/107

(e)

Ve e o o = -

-~
o/
),

36.48
o

'ﬁ}__——-um—

Post-
peak
tage

S __--m&o
- -

D

Axial stress o,/MPa

Axial stress o,/MPa

35
30
25 F
20 | Compaction
stage
15 F
10
0 A
- o
5k
ol
0@“ . L
0 2 4 6 8
Axial strain &/107
(b)
0 2 4 6 8 10
Axial strain &,/107
(d)
10

Axial strain &,/107

()





media/file28.jpg





media/file14.png
50

40

30

O /%o

20

o pH=6.56 L v
o pH=5 Q. = 48.93e* +49.8,6ﬂ, -,
- A pH=3 R*=0.9905 _ &, = 39.67e25-“+42).59
- v
v pH=1 o7 R=09§42 - - -
- - - Fitted curve 7w e i
. _ = BAQ, = 27.01"%+27.03
5 p -
N .74 R*=09973 _ _ o
/ # - -— 07
s A7 _ -0 - g--—--—1o
/. Q0 ” N - -
B / /7 - - =
V/ /,/ _ - - ﬁ
AT ar T Q= 25326042488
¥ R?> =0.9897
- / / 7
/
v,
L 4 7
, /
¢/ 1 1 M 1 M 1 M 1 " 1
0 10 20 30 40 50 60

Time #/d






media/file11.jpg
Axial stress ,/MPa

40

35

30

N
=

8
8

3

-o-0d
-o-10d
-Aa-20d
-v-30d
- ©-40d
-<-50d
->-60d

Axial strain £/10

10





media/file6.png
|
30 40 50 60
Time /d

20

10

/ 7
/ £ 7
do% d¥b 4 desh -
4 / VAV
4 / /7
/ / / 7/
dmb depd dddovd g
\ \ \ \
\ \ v\
\ Voo
dpb  depb dphicpd -
\ Vo
\ I
oy b oot i
_ I
0 | oy
S nen — 4D dbb dhide .
[T I TR o
EEEE 0 L1
debd  dop ddiip
000 :
| I l 1 - 1 o, 1 - 1 ., 1 | 1
- ) S - - - - - - - (- -
S - j— - ] ) S ] ] ] - S
< o S o0 \O <t a 0 00 \O <t 9\
DR ISR T R R S
(,.s-w); A100[oA 2ABM [BUIPIISUOT





media/file36.png
(b)

T : — 3000 <
1: Potassium feldspar | "f
2: Albite ] 2
3: Anorthite 2400 &
4: Quartz ] a
1 5: Mica i 2
1 2 6:Dark iron minerals - 1800 a
3 LI 3 3 7: Others E
6 1 ﬁ - Z
5 1200 <
) ' 2
4 l =
4
I 7 M I i | | l | I ()§ 6 i 600 5
2 2 2 : - 8
£
] &
0 A
Ly condiron
Pl =636
UL =5
=3
=7
2 2 PR 2 L 2 2 i el o g gl oA g gt o o S LT VY
10 20 30 40 50 60 70 80 90
Diffraction angle /(°)
(a)
, [ 3000 <
1: Potassium feldspar 1 b4
2: Albite - _qg
3: Anorthite 2400 &£
4: Quartz ) =
5: Mica g Q
6:Dark iron minerals | 1800 —a
7: Others ] -
- =
5] 3 2 {1200 2
- g
4 6 1 ] R=
. i ; 2 i 1600 &
2|4 1 i =
3 4 6 : 3 5 =
2 1 7 T 5 i g:::
/ Y A
Ly condiron
v =0 mur’s
v =300 rnur’s
v =000 nur’s
Vv =900 2’y
10 20 30 40 50 60 70 80 90
Diffraction angle /(°)





media/file15.jpg
Axial stress o, MPa.

1832

it sin /107

(a)

Al siin 10°

(b)






media/file32.jpg
08/07/2021
Expansion of pore
size, loose cohesivel
force and large
[amount of debris.

e






media/file37.jpg
Mineslcomposiion  miocls

(a)






nav.xhtml


  minerals-12-00770


  
    		
      minerals-12-00770
    


  




  





media/file29.png
>
(o

02/11/2020 Tl
. I O
Stl uctural mtegl ity, I
- - 3.0 F
clear edges, corners, 27| .
with extensive 5T
cementation surface. =0
= PSS Al
1.0 — C K
0.5t Fe i Mg
! Na (]
00 1 1 1 1 1 1 1 | 2 I 1

Energy/keV






media/file2.png
Yinghu Qilin
Livestock Farm

Yinghu Town,
Hanbin District

The bedrock of pile

foundation of Hanjiang Bridge
N

W

A b
The NM-4B non-metallic ultrasonic detection
analyser

Ultrasonic
probe

Transmitting
probe

Rock

Receiving
specimen

transducer

Emission

system

|Oscillographic
timing system

Electrical
signal

Synchronized
controlsystem

(f)





media/file20.png
Axial stress o,/MPa

150

)
S
1

O
-

o)
)

30

-o0-0d
-0-10d
-a-20d
-~ 30¢d

116 56 #

e

135.62
o

Q
4 106.96

100.64

. 4 5
Axial strain &,/107






media/file23.jpg
Elastic modulus £ /GPa

10

E(pll)

Ve
R =09972

o
°

pit

= 5.265¢1211+2.982

Elastic modulus /£
Poisson's ratioc /u

“ 1
[N 25 - 1
S Ay = 0.011€3%+0.142
T ER 209954 1
e
e
Dry 6.56 s 3 1

pH value

0.185

0.180

0.175

0.170

0.165

0.160

0.155

0.150

Poisson's ratioc u





media/file5.jpg
5400

5200

4200

nal wave vel
IS

5
g
g
g

3800

3600

Longitudi

3400

3200

pH = 6.56

oo e
£}
=
]
o

\

\
doheth desh  deib

v

0 10 20 30
Time /d

40






media/file24.png
Elastic modulus £ /GPa

10

o Elastic modulus /£
o Poisson's ratioc /.
L} o &
N Egm = 5.265¢1211+2.982 // I
N\ 7
\ R*=0.9972 e |
I " )
\\ //,
AN R pH i
S 5 Hom = 0.011€33%+0.142 1
i L7 YRR’ =0.9954 |
-3 y------ i
o~ - !
Dry 6.56 5 3 1

pH value

0.185

0.180

0.175

0.170

0.165

0.160

0.155

0.150

Poisson's ratioc





media/file33.png
Si

X-ray counting
o
(=
1

15| Al

: Compact str ucture,‘ ‘
without obvious
fissure holes.

Energy/keV

X-ray counting
o
(=
1

Energy/keV

4.0

e
[
—

Pores enlarged
and partially
interconnected,
microcracks

=
=}
—

Si

X-ray counting
DN
(=1 wn
1 5 1 L2

o

1
9
~

Al

= .
T T T

=
W
1
-
@
Q
ja+]
Z
&

[=1
(=]
-
-
-
-
-
=
-
-
=
-

Energy/keV

. Persistent 35|
increase of pores s
and microfissures '

X-ray counting
o
o
1

Al

1.0

Energy/keV

(d)





media/file1.jpg





media/file16.jpg
€]

JREE—

sl siin 10°

(e)

S T S e
vl s /107

(f)





media/file31.jpg
4 Loooi)






media/file25.jpg
Elastic modulus £ /GPa

32

w
S

9
3

5
&

©
R

22

o Elastic modulus /£
i o Poisson's ratioc /|
N E, = 1353465417414 i

B po0oss? o
’i 4221

5o o= 02806710092 g

R =09973
Dry 0 300 600 900

Flow rates /mm-s”"

0.9

0.8

0.7

0.4

03

Poisson's ratioc u





media/file12.png
Axial stress 0;/MPa

N
S

(8}
W

()
-

N
(9}

(]
S

[o—
W

-o-0d
-0-10d
-A-20d
-v-30d
-0 -40d
-1 -50d
->-60d

Axial strain £/107





media/file9.jpg





media/file0.png





media/file17.png
Axial stress 0,/MPa

150
120 |
90
Compaction
stage
60
30
o
0 () n"nn
0(t a- 4 .
1 2

3 4 5
Axial strain £/107

(a)

135.62

Post-peak
stage

Axial stress 0;/MPa

150

—
[\
(=]

o
(=1

3

30

[ Compaction
+ stage

Axial strain &/107

(b)

128.32

Post-peak
stage

(IV)






media/file38.png
Mass content /%

25

25

- oy 22.08 Elod
21.08 - iyl

I o

Mass content /%

0
Potassium Albite Anorthite Quartz Mica Dark Others Potassium

Albite Anorthite Quartz Mica Dark Others
feldspar Mineral composition — minerals feldspar

Mineral composition minerals

(a) (b)





media/file8.png
4800

_—
-9 -82
24600 | — @ ~S-3
—e-54

N

1Y

]

(=
I

4200

~ -
\}’

Longitudinal wave velocity /(m-

4000

- ) {\ —~
s

—ih
-~ - -—
-

—
-

SR S
//”}"‘I‘w}[
EE a7 ‘SE- Tt - -._iE
Ry

-3 g

3800 1 | 1 1 N 1 . |
0 10 20 30 40 50 60
Time /d
(a)
4600
_ -9 -89
- - o -S-10
T 4400 -i\ T
g TN -9 -S812
24200 .
2 W Y
o I
§4000 \\\\ \ ”,E\\ /,’is“‘E“
\ ¥ G e =
2 \\\E ¥ 5. 3
_53800- \\i,——’—}“‘_ /,/ ‘§§\ i
Jb% \ —i I /}-—-i‘*\
§3600— }"' ‘\\\E/’ )
3400 X | 1 1 1 |
0 10 20 30 40 50 60
Time /d

()

4900

1
n
o)
o
<

=4700

4600

4500

4400

Longitudinal wave velocity /(m-s™)

-9 -5-5
-9 -5-6
- -S-7
- @ -S-8

4300 1 1 1 1 |
0 10 20 30 40 50 60
Time /d
(b)

4650

4500 K) -9 -5-13
= 14 -9 -S-14
24350 O
S’
54200 K) | - -5-16
3 \\ )
< 4050 g
23900 (- -

\

ERI AT NURE S S
8 ARWAY "“\EE.—' EE
T3600 Vx4~ _-3---F -
2 ¥ 3 S~ - ~9
203450— \\ i\\\ /”}~-‘§—__§
3] N == " _3-.
~ 3300 %—"i"“-{'” ~‘§“"—§

3]50 | 1 1 1 |

10 20 30 40 50 60
Time /d

(d)





media/file34.png
size, loose cohesive
force and large

o

Si

Al

Fe Ca Mg

Energy/keV





