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Abstract

:

To study the influence of water–rock interactions on the deterioration of rock, particularly the problems of the complex dissolution mechanism of dolomite and the difficulty in establishing chemical damage, dolomite obtained from a tunnel in Yuxi City was utilized. The macroscopic and microscopic dissolution characteristics of dolomite were analyzed using an indoor dissolution test combined with the hydrochemical characteristics of the study area, which were found to be favorable for dissolution. The dissolution of dolomite indicates the chemical decomposition of dolomite crystals, and the crystal failure mode is divided into intergranular dissolved pores and intracrystalline micropore development. Under various pH conditions, as H + is immersed in the rock sample, the failure mode of the rock sample develops from longitudinal cracks to transverse and longitudinal staggered cracks. Based on the aforementioned conclusions, in addition to the principle of chemical kinetics and the generalized Lemaitre strain equivalence principle, a damage model suitable for dolomite chemical erosion was defined. The fitting degree between the calculated value of uniaxial compressive strength and the experimental value reaches 98%, which is of excellent prediction accuracy and reliability. The model for dolomite chemical damage proposed herein provides a theoretical basis for dolomite dissolution damage; the theory of rock chemical damage is thereby enhanced.
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1. Introduction


The structure of the rock is prone to transform into sand grains of varying sizes upon strong erosion of the dolomite, which are of low strength and can be scattered into sand by manually pinching. This type of karst geological phenomenon is known as dolomitic karst sanding [1]. Karst sanding of dolomite reduces the strength and quality of the rock mass, and forms unfavorable geological boundaries by significantly affecting the stability of slopes and underground chambers. Therefore, exploring the mechanism of dolomite sandification and establishing a model of the damage for rocks under hydrochemical action is theoretically significant [2,3,4]. Tang et al. [5] proposed the concept of chemical damage and analyzed its mechanism in rock water. They applied the theory of chemical composition analysis, energy viewpoint, and the damage mechanics method to analyze the quantitative method. Wang et al. [6] found that the ionic composition and pH value greatly affect the mechanical properties of red sandstone while using indoor tests. The peak strength, residual strength, and elastic modulus of the rocks decreased by different degrees after dissolution in various chemical solutions. Tang et al. [7] reported the deformation mechanism of rock salt dissolution characteristics under different circumferential pressures through numerous triaxial tests. Wei et al. [8] simulated the effect of aqueous solutions with different pH values on limestone dissolution and established a time-scale relationship between these solutions. Selective dissolutions exist in the composition and mineralogical composition of the rocks. Tian et al. [9] analyzed the dissolution difference between various carbonates based on a dissolution test of combined with scanning electron microscopy. In the theoretical context of chemical kinetics, Li et al. [10] discussed the chemical reactions between sandstone samples and acidic solutions at different curing temperatures and pressures, as well as their damage mechanisms. Liu et al. [11] discussed the chemical damage mechanism of dolomite from macroscopic and microscopic perspectives using indoor dissolution tests.



While the damage to rock properties caused by different water chemical characteristics has been investigated [12], other studies have actively worked on developing damage models of rocks under different water chemical environments [13]. Li et al. [14] conducted indoor simulations of solutions with various pH levels for textured cemented feldspathic sandstones. A chemical damage strength model was proposed for rocks that could be applied to acidic solutions using the chemical kinetic theory and damage mechanics theory, and the model was tested and validated. Chen et al. [15] conducted an instantaneous scanning test on sandstone under chemical dissolution using a CT identification technique for the entire triaxial loading process. They successfully developed a damage variable model based on the effects of chemical dissolution and CT numbers. Ding et al. [16] analyzed the characteristics of the effects of different chemical solutions on each stage of total stress–strain in tuffs. Qiao et al. [17] combined secondary pore damage with CT scan data to develop a chemical damage model for sandstone. Liu et al. [18] simulated the relationship between the strength and time variation of specimens by modeling the dissolution depth under acidic conditions in sandstone. Deng et al. [19] established a statistical damage constitutive equation for sandstone under the action of water–rock using continuous damage mechanics and statistical theory. Feng et al. [20] analyzed the relationship between pH change with time during the chemical dissolution process and introduced this equation into the chemical damage formula. Additionally, using the creep damage formula, a rheological damage constitutive model of sandstone considering hydrochemical damage was established. Based on the time-softening damage analysis of gypsum rock immersion in laboratory tests, Zhu et al. [21] derived the damage evolution equation of gypsum immersion softening based on the time factor from the perspective of damage mechanics and revealed the relationship between the brittleness coefficient and softening damage variable. Lin et al. [22] considered the damage variable correction coefficient and chemical damage variable determined by porosity to establish a statistical damage model. KUVA J et al. [23] studied the micro-pore structure of rock under different soaking time using X-ray tomography and SEM scanning electron microscopy.



Qualitative and quantitative studies on rock hydrochemical damage and the establishment of damage models are abundant, mainly for sandstone and limestone. Dolomite found specifically in the Sichuan-Yunnan area of China exhibits a strong dissolution effect in water. Therefore, based on this geological environment, this study explores the microscopic mechanism of dolomite dissolution using a dissolution test, electron microscope scanning test, and damage mechanics analyses. A microscopic model of dolomite was then proposed, and a chemical damage model of dolomite under dissolution was established. This investigation of the dolomite damage mechanism enriches the damage model of rocks under hydrochemical action and provides an important theoretical basis for the engineering production and scientific exploration of dolomite in dissolution environments.




2. Materials and Methods


2.1. Materials and Instruments


Fresh rock samples were selected in the tunnel. Combined with mineral identification and microstructure analysis, the fresh rock samples were screened twice, and the rock samples with better internal structure integrity were selected. In the laboratory, the rock is processed into a standard cylindrical mechanical specimen of 50 × 100 mm by an automatic diamond machine. The test material is shown in Figure 1. The mass of rock samples was measured using an electronic scale (precision 0.01 g), and the maximum and minimum values of mass were eliminated. The average density was 2.7 g/cm3. The experimental group was treated with acid as sulfuric acid, and 1 hydrochloric acid group control test was used to compare and analyze the dissolution phenomenon. Solutions with different pH values were prepared for dissolution reaction. The mechanical test instrument and microscopic test instrument after reaction are shown in Figure 2.




2.2. Dissolution Test


The waves velocity of rock samples was tested using a wave velocity tester. The wave velocity of each rock sample was close to each other, and the homogeneity of rock samples was good. Firstly, the dissolution test was carried out on the mechanical samples. The rock samples were placed in a closed glass container for dissolution. The pH was 1, 3, 5, and 7, respectively, and the solution was replaced every 3 days. After the dissolution test, the rock samples were placed in an electrothermal blast drying oven and dried at 105 °C for 12 h. The dried rock samples were placed in a microcomputer hydraulic servo pressure testing machine for conventional compression tests. Firstly, a uniaxial compression test was carried out. Because there was no confining pressure in the test, the test process was fast, and the uniaxial compression test can reflect the damage effect of dissolution on the internal structure of rock samples to a large extent.




2.3. Water Chemical Analysis


Numerous springs were present in the study area, and springs found throughout the upper, middle, and lower sections of the tunnel were investigated. Four characteristic spring water samples were collected nearby this area for water quality analysis (Figure 3). AquaChem was used to draw a three-line Piper diagram (Figure 4) to determine the quality of the water in this location. The Piper trilinear diagram comprises three parts. The triangles on the lower left and lower right represent the relative molar percentages of cations and anions, respectively. The intersection obtained by extending the diamond upwards represents the relative content of anions and cations in the water sample.



The water chemistry types in the study area were in the form of either HCO3-Ca-Mg or HCO3-SO4-Ca-Mg. The salinity of the groundwater was generally high, the flow rate was relatively slow, sufficient water-rock interactions were present, and the ion concentration in the water was high. The chemical characteristics of the groundwater in this area were conducive to the dissolution of dolomite (Figure 5).



Through the study of chemical reaction conditions with experimental phenomena, it was concluded that when pH ≤ 3, chemical dissolution is mainly based on the following formula:


  C a M g       C O   3       2   + 4   H   +   =   C a   2 +   +   M g   2 +   + 2   H   2   O + 2   C O   2   .  



(1)







When pH > 3, chemical dissolution is divided into the following two steps, and the first step reaction is the mainstay:


  C a M g       C O   3       2   + 2   H   +   =   C a   2 +   +   M g   2 +   + 2     H C O   3     −   ,  



(2)






      H C O   3     −   +   H   +   =   H   2   O +   C O   2   .  



(3)









3. Results


3.1. Dissolution Characteristics of Dolomite


At the same concentration, the reaction intensity of the rock sample in the hydrochloric acid group is greater than that in the sulfuric acid group, and the produced carbon dioxide causes number of bubbles in the container. When the reaction reached equilibrium, the two groups of solutions were relatively turbid. Among them, the hydrochloric acid group solution contains metal minerals, and trivalent iron is replaced in the reaction to synthesize ferric chloride so that the solution is khaki. The sulfuric acid group solution adsorbs some impurities due to the formation of calcium sulfate, making the solution white.



The surface of the rock sample dissolved under sulfuric acid conditions is relatively smooth when it is just taken out, and it is evenly covered with a layer of white dolomite sand. After washing and drying, the surface roughness of the rock sample is improved, but the overall dissolution phenomenon is weak. Under the condition of hydrochloric acid, yellow dolomite sand is locally attached to the surface.



The CaSO4 produced by the sulfuric acid group is slightly dissolved and attached to the surface of the rock sample, which hinders the reaction. CaCl2 produced under the condition of hydrochloric acid is soluble in water, and the reaction is less affected. However, due to the strong reaction, some products are still attached. Under the condition of hydrochloric acid, the dissolution is more intense, the surface fracture pores are very developed, some particles are attached and detached, and the roughness is obviously improved. The severity of the two groups of tests and the type of dolomite sand are shown in Figure 6.



The indoor dissolution phenomenon of the rock samples in the sulfuric acid group is compared with the field (Figure 7). The tunnel face is mostly white after weathering, and the generated karst products correspond to the white attachments on the surface of the rock samples in the indoor sulfuric acid group test. After dissolution, the rock samples of the hydrochloric acid group produced multiple crisscrossed cracks on the surface, such as ‘knife-cut’ cracks. The ‘knife-cut’ corrosion morphology produced by the hydrochloric acid dissolution in the field can be seen (Figure 8).




3.2. Microstructure Evolution and Element Migration Change


Sliced samples with different dissolution times were removed for scanning electron microscopy analysis. Combined with the macroscopic dissolution characteristics, dolomite was found to be mostly dissolved along the intercrystalline pores and crystal junctions. During the dissolution process, the crystals often fall off to form dolomite powder. However, dolomite powder formation was not observed for the majority of the samples. During the dissolution process, the clay minerals contained in the samples were wrapped in dolomite crystals on the surface or within, and the crystals were not easily separated from the parent rock. Macroscopically, the rock still possessed a complete structure; however, it remained adequately delicate to be crushed manually. Combined with the EDS (Electronic Differential System) analysis, the EDS of the same point in the scanning map showed that the content of oxygen was stable during the dissolution process, while the content of C was stable during the initial dissolution. As the dissolution time increased, the C content was reduced by 71%, and the content of Mg and Ca displayed a similar trend, which were reduced by 87.9% and 90.6%, respectively. The carbonate composed of these elements gradually dissolved during the dissolution process, while oxygen supplementation occurred during the replacement process; the overall content therefore remained stable (Figure 9).




3.3. Failure Characteristics


The uniaxial compression failure characteristics of the rock sample at pH = 1 are shown in Figure 10. Due to the strong acidity, the H+ penetration ability is strong and the penetration is deep. The failure characteristics are as follows:



Under the failure mode 1 of the rock sample, due to the short dissolution time, H+ has no sufficient infiltration time, so the fracture development of the rock sample is shallow under the action of external force, and finally the longitudinal fracture is destroyed along the three surfaces, and the cracks are connected.



Under the failure mode 2 of the rock sample, the main control cracks of the stress failure of the rock sample are still on the surface layer, and the main longitudinal penetrating cracks are still three. However, due to the strong acidity, H+ partially infiltrates into the interior of the rock sample, which makes the internal pores partially penetrate, and develops another two transverse fissures between the longitudinal fissures and extends to the interior of the rock sample. The length is about 18 mm, causing the rock sample to fall off. The length of the falling rock sample is about 40 mm, and the width is about 18 mm. The joint development of longitudinal and transverse fissures further reduces the compressive strength of rock samples.



Under the failure mode 3 of the rock sample, H+ further infiltrated into the rock sample, which improved the connectivity of the internal pores. When subjected to pressure, the longitudinal and transverse fissures are further developed. There are six main longitudinal fissures, and about three transverse fissures developed between them. The size is small, about 15~20 mm in length, and the rock samples fall off more, about five pieces, but mainly the surface layer falls off and the thickness is small.



Under the failure mode 4 of the rock sample, a large amount of H+ infiltrated into the rock sample, and many mineral crystals inside the rock sample were dissolved and destroyed. The connectivity between pores is enhanced, and the horizontal and vertical cracks are developed from the surface to the inside. The cracks are connected to each other and the size is large. Under the action of external force, the compressive strength of dolomite crystal minerals is greatly reduced due to corrosion damage, and finally the rock sample is disintegrated and destroyed. At the end of the test, the rock samples could not be completely taken out, and the rock samples were dispersed into blocks of different sizes. The maximum block length was about 60 mm, and the width was about 20 mm.





4. Discussion


4.1. Analysis of Dissolution Effect on Microstructure Damage


The dolomite in the study area was primarily of high purity (greater than 96%). The test samples were identified as fine-powder crystalline dolomite using thin sections. The particle sizes ranged from 0.02 to 0.04 mm. Combining the macroscopic dissolution characteristics of the mechanical specimens to establish a dolomite model composed of a spherical fine powder crystal dolomite crystal arrangement (Figure 11), the model was divided into three zones: the dissolution (dolomite), insoluble, and pore areas. The ratio of the dolomite crystal volume to the sample volume was greater than 10−10. Therefore, dolomite crystals were assumed to completely fill the dissolution zone.



The dissolution zone of the dolomite samples was assumed to be composed of dolomite crystals. The dolomite crystals were composed of several CaMg (CO3)2 molecules. Using scanning electron microscopy, the microscopic damage to the sample was divided into the destruction of dolomite crystals and crystal shedding caused by the dissolution of dolomite crystals, which manifested as the loss of dolomite crystals during the chemical reaction.



These two types of dissolution damage manifested as an increase in dolomite pores. The damaged porosity of the ideal rock after full dissolution using an acid solution with a pH of n is represented by    φ 1    With the initial pore    φ 0    of the sample, the porosity of the model after damage is represented by    φ n    (Equation (4)).


   φ n  =  φ 0  +  φ 1   



(4)







The intracrystalline damage of the dolomite crystal was caused by the layer-by-layer shedding of the crystal surface. The development of intergranular dissolved pores was also indirectly caused by grain damage. The model exhibited damage to the crystal radius. The microdolomite crystal damage radius   R ( t )   was defined according to the macrosandstone dissolution immersion depth proposed by Zhou J.F [24]. The specific solution process is as follows (  t > 0  ):


  R ( t ) = | a ln ( t ) | + b  



(5)






   V ′  =  4 3  π     R −  R ( t )     3   



(6)




where t is the dissolution time, R is the initial particle size of the dolomite crystal,     V   ′     is the volume of a single dolomite crystal after damage, and a and b are parameters determined by rock properties, temperature, acidity, and other factors.



The number of damaged crystals was related to the mass of   C a M g       C O   3       2     involved in the chemical reaction. Ideally, the chemical reactions that should occur in the samples are as Equation (1).



The comprehensive reaction rate     V     H   +       of H+ can be obtained by the following chemical reaction:


   V   H +    = λ  C  H +  y   



(7)




where   λ   is the comprehensive reaction rate parameter,     C     H   +     y     is the instantaneous concentration of H+ at a particular time, and y is the reaction order [20].



Therefore,


  −   d  C  H +     d t   = λ  C  H +  y   



(8)







According to the solution of the first-order linear differential equation and initial conditions of the reaction concentration, the relationship between the H+ concentration and time can be obtained as follows:


   C   H +   t  =       (  C   H +   0  )   1 − x   − ( 1 − x ) λ t      1  1 − x      



(9)




where     C     H   +     0     is the initial concentration of the chemical solution at a certain time. Because the following relationship exists,


  p H = − lg  C   H +     



(10)







Equations (9) and (10) could be combined to produce the following relationship of solution pH versus time:


  p H ( t ) = − lg     (   10       pH  0    ( x − 1 )     + ( x − 1 ) λ t      1  1 − x      



(11)







By simulating the change in different pH, the modeled data could accurately simulate the experimental data (Figure 12). The  x  and  λ  parameters can be obtained according to the curve-fitting results of the relationship between the pH value and rock soaking time, which are 1.23 and 3.40, respectively.



According to the principle of chemical reaction,


   n t  = 0.25 × (  C   H +   0  −  C   H +   t  ) ×  V s   



(12)




where     n   t     is the mass of the CaMg(CO3)2 consumed during the reaction and     V   s     is the initial volume of acid solution. According to Equations (10) and (11), when the pH and volume of the solution are known, the mass of CaMg(CO3)2 molecules can be consumed.



In this study, the amount of damage to dolomite crystals is related to the consumption     n   t     of CaMg(CO3)2 molecules in the chemical reaction. k1 is the equivalent parameter of the conversion between the molecular weight consumed and the number of damaged dolomite crystals. The final dolomite crystal damage porosity    φ  n 1     is the ratio of the volume damage     V   ′     of a single dolomite crystal to the mass     n   t     of the CaMg(CO3)2 molecule consumed in the reaction process, and the product of the equal parameter k1 between the two and the initial volume V0 of the sample. Finally, the damage-pore expression of the dolomite model is given by Equation (13):


   φ  n 1   =    V ′   k 1   n t     V 0     



(13)






   φ  n 1   =   π  k 1   V s  ×     R − ( | a ln ( t ) | + b )    3  × (  C   H +   0  −       (  C   H +   0  )   1 − x   − ( 1 − x ) λ t      1  1 − x     )   3  V 0     



(14)








4.2. Strength Degradation and Evolution Model of Dolomite


Diluted sulfuric acid was used as the acid solution. H+ ionized from dilute sulfuric acid reacted with the CaMg(CO3)2 molecules in the sample. The molecular structure was destroyed, the dolomite crystal structure was unstable, and pores developed. The connection between the pores produces microcracks. As the reaction proceeded, some microfractures were penetrated. When subjected to external forces, the fractures develop further in the dominant direction. The fractures developed further in the dominant direction. The indoor dissolution damage mode of dolomite is illustrated in Figure 13.



Based on the previous analysis, dolomite dissolution damage was determined by monitoring the pH changes, and the pore damage was characterized. Based on the damage variable defined by the porosity change before and after dissolution [25], combined with the damage model proposed in this study based on the dissolution characteristics of dolomite, the chemical damage to dolomite was defined as DC.


   D C   = 1  −   1 −  φ n    1 −  φ 0     



(15)







The damage theory is based on chemical kinetics. The metathesis reaction between H+ in the acid solution and dolomite crystals played a major role in the dolomite dissolution process. Metathesis is a reaction in which two compounds exchange components to form two other compounds. The two compounds of the metathesis reaction exchanged ions in the reaction system (mostly aqueous solution) combined with precipitation, gas, or weak electrolytes (most commonly water) that were difficult to ionize. The ion concentration in the reaction system was reduced, and the chemical reaction was carried out in the direction of ion concentration reduction. The concept of reaction order proposed by the American chemist Noyce Hou et al. [26] was introduced to determine the H+ consumption related to the reaction.



Based on the chemical damage model [14], a damage variable based on H+ consumption was established. The equivalent damage stress of dolomite after the dissolution was established according to the generalized Lemaitre strain equivalence principle [27].     σ   0     is the uniaxial compressive strength of the sample without dissolution. Finally, the uniaxial compressive strength   σ   of dolomite after chemical damage is as follows:


  σ = ( 1 −  D c  )  σ 0   



(16)








4.3. Model Verification


Under ideal conditions, when the acidic solution is sufficient, the soluble matter would react completely regardless of the pH value, which is a time-scale problem. The limit operation results of the damage formula showed that under the strongest level of acidity (pH = 1), the theoretical dissolution time of the hypothetical rock was 1640 h, which was longer than the experimental value of 504 h; therefore, the model was applicable to the entire dissolution process. The data from the damage model are listed in Table 1.



The indoor dissolution test of dolomite showed that the dissolution mechanism was the same under different pH conditions, but the dissolution rate was faster and the rock damage was greater in a low-pH environment, which was manifested as a change in model parameters. According to the monitoring data of the indoor dissolution time and model data, the following parameters were obtained (Table 2).



The dissolution amount of rock samples under different dissolution times can be obtained from the chemical reaction rate equation. The pore damage amount of rock samples can be obtained by substituting it into the damage model, and the chemical damage (Dc) can then be obtained. Finally, the strength predicted by the chemical damage model in this study was calculated, and the fit with the experimental value is shown in Figure 14.



The comparison between the model and experimental values proposed in this study showed that the proposed chemical damage model displayed good prediction accuracy and reliability in the process of a short-term dolomite indoor dissolution test. The rate of dissolution decreased with time, mainly because of the physical effects of water. However, the model in this study was suitable for a time scale dominated by chemical dissolution, and was applicable to certain time conditions. Subsequently, a time scale that decayed with the dissolution time could be defined according to the relationship between the pore damage of rock samples at different pH values proposed by the model, and the application scope of the model could be improved.





5. Conclusions


In this study, dolomite affected by a variety of hydrochemical solutions was investigated. Based on the dissolution characteristics of dolomite as the background and the dissolution law obtained from the dolomite indoor dissolution test, in addition to the results from the microscopic analysis, we defined an idealized model consistent with dolomite dissolution damage. Based on damage theory and the dolomite chemical damage model, the following conclusions were obtained:



(1) The dissolution degree of dolomite in the study area under the sulfuric acid environment is less than that under the hydrochloric acid environment. The dissolution under sulfuric acid mostly produces the phenomenon of ‘sand inclusion’, and the dissolution under hydrochloric acid mostly produces the phenomenon of ‘knife cutting’. The failure characteristics of rock samples after corrosion are mainly as follows: from the development of longitudinal cracks to the joint development between transverse and longitudinal cracks. As the corrosion progresses, H + penetrates into the rock sample to participate in the reaction, and the cracks also develop into the rock sample. Inside, the broken rock blocks increase when the force is destroyed.



(2) Dolomite dissolution mainly manifested as dolomite crystal damage. Based on monitoring pH changes, pore damage was characterized by the deduced dolomite chemical damage formula. The fitting degree was greater than 98%, and the model could better simulate the strength damage of dolomite under dissolution conditions.



(3) The damage model proposed in this study can not only simulate the strength attenuation caused by chemical damage, but can also be used as the basis for studying the pore damage in dolomite dissolution and the time scale under different dissolution environments, providing a theoretical basis for the multi-angle study of dolomite dissolution.



(4) This model is suitable for high-purity and low-porosity dolomite, but is not suitable for low-purity and high-porosity dolomite.
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Figure 1. Dissolution test and standard mechanical specimen. 
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Figure 2. Uniaxial compression apparatus and scanning electron microscope.( Polarizing microscope Nikon LV100POL was used for polarizing microscope. Scanning electron microscope model is Quanta250 FEG. The rock mechanics test uses the YSJ-01-00 rock triaxial creep testing machine independently developed by the National Key Laboratory of Geological Disaster Prevention and Geological Environment Protection of Chengdu University of Technology.) 
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Figure 3. The characteristics of spring points in the study area. 
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Figure 4. Piper diagram of spring points. 
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Figure 5. Chemical dissolution mechanism. 
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Figure 6. Characteristics of dolomite dissolution. 
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Figure 7. Contrast of corrosion phenomenon (sulfuric acid group). 
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Figure 8. Corrosion phenomenon control (hydrochloric acid group). 
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Figure 9. Scanning electron microscopy and EDS energy spectrum analysis. 
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Figure 10. Mechanical failure characteristics of rock samples in pH = 1 test group. 
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Figure 11. Hypothetical rock microscopic composition. 
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Figure 12. Comparison of pH value simulation results with experimental data. 
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Figure 13. Damage model damage simulation. 
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Figure 14. Strength-fitting curve. 
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Table 1. Basic data of samples.






Table 1. Basic data of samples.





	Essential Parameter
	Values





	Original porosity     φ   0    /%
	4.28



	Crystal size R/mm
	0.03



	Initial acid solution volume Vs/L
	0.8



	Initial volume of specimen V0/m3
	1.96 × 10−4



	Single axis compressive strength     σ   0    /MPa
	78.6



	Grain volume V/m3
	1.62 × 10−13










 





Table 2. Values of different pH parameters.
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	Parameter
	pH = 1
	pH = 3
	pH = 5
	pH = 7





	k
	1.26
	0.611
	0.03
	0.02



	a
	0.0025
	0.004
	0.013
	0.012



	b
	0.00729
	0.0012
	−0.0158
	−0.01
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