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Abstract

:

The time-dependent behavior of power-law fluid has a significant influence on the grouting effects of reinforcing loose gravel soil. In this paper, based on basic rheological equations and the time-dependent behavior of rheological parameters (consistency coefficient and rheological index), rheological equations and penetration equations of time-dependent power-law fluid are proposed. Its penetration grouting diffusion mechanism for reinforcing loose gravel soil was then theoretically induced. A set of indoor experimental devices for simulating penetration grouting was designed to simulate the penetration grouting of power-law fluid with different time-dependent behaviors for reinforcing loose gravel soil. Then, relying on the COMSOL Multiphysics platform and Darcy’s law, three-dimensional numerical calculation programs for this mechanism were obtained using secondary-development programming technology. Thus, the numerical simulations of the penetration grouting process of power-law fluid with different time-dependent behaviors for reinforcing loose gravel soil were carried out. This theoretical mechanism was validated by comparing results from theoretical analyses, indoor experiments, and numerical simulations. Research results show that the three-dimensional numerical calculation programs can successfully simulate the penetration diffusion patterns of a time-dependent power-law fluid in loose gravel soil. The theoretical calculation values and numerical simulation values of the diffusion radius obtained from this mechanism are closer to indoor experimental values than those obtained from the penetration grouting diffusion theory of power-law fluid without considering time-dependent behavior. This mechanism can better reflect the penetration grouting diffusion laws of a power-law fluid in loose gravel soil than the theory, which can provide theoretical support and guidance for practical grouting construction.
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1. Introduction


Gravel soil is a kind of loose, coarse fragment accumulation formed in the Quaternary, which is widely distributed in natural strata such as colluvium deposits, rockfills, alluvial deposits, and glacial tills, among others [1]. Gravel soil is generally composed of cohesive soil and pebble, which has the characteristics of exhibiting a loose structure, large pores between particles, uneven distribution, and low cohesion [2]. Many geological disasters formed by gravel soil, such as landslides, collapses, debris flows, mine slopes, and dammed lakes, are induced by earthquake actions and human activities and cause heavy casualties and huge property losses [3,4,5,6,7,8,9,10,11,12]. To study the engineering characteristics of gravel soil and reduce the occurrence of disasters, Shi et al. proposed a simple approach to evaluate the strength parameters of sand-like colluvium [13]. Chen et al. studied the effect of clay content on the strength of gravel [14]. Li studied the strength of sandstones under the wetting–drying treatment and high temperature [15,16]. Do et al. discussed the static liquefaction of gravel soil [17]. Many researchers aim to study the physical and mechanical properties of gravel, but few research outputs are focusing on the reinforcement of gravel soil.



Penetration grouting technology is often used to reinforce gravel strata to improve its strength and stability. The penetration grouting technique is one of the earliest geotechnical construction techniques used in the field of grouting. It is often used to reinforce the loose gravel stratum to improve strength and stability. As early as 1802, French Civil Engineer Charles Berlghy applied it to the repair of the Dieppe scouring sluice [18,19]. Due to minute influence on the injected medium during the grouting process, it has been widely used in architecture, highways, railways, subways, mines, tunnels, hydropower, military, and other engineering fields around the world [20,21,22,23,24,25,26,27].



In general, grouting fluid can be classified as a Newtonian fluid, Bingham fluid, and power-law fluid according to different rheological constitutive equations [28,29,30]. Among them, Newtonian fluid is the first kind of material for the study of the penetration grouting mechanism. In 1938, Maag deduced the earliest penetration grouting theory—the Maag formula—by assuming that Newtonian fluid penetrated and diffused spherically in an isotropic medium [22]. Karol, Huang, Yang, Raffle, and Greenwood et al. carried out studies based on the Maag formula to study grouting theory [31,32,33]. Li and Yang, respectively, discussed the expression of the column and column-hemisphere penetration grouting diffusion radius of a Newtonian fluid in porous media [34,35]. Baker, Hassler, Funehag et al., and Amadei et al. analyzed the diffusion mechanism of Newtonian fluid in fractures of rock and soil [36,37,38,39]. In addition, Hassler, Zhang, Ding, and Yang also carried out studies on the time-dependent penetration grouting theory of Newtonian fluid [37,40,41,42].



As for the penetration grouting diffusion mechanism of Bingham fluid, many theoretical investigations have been conducted to better understand the influence factors during grouting. Liao, Fan, and Tekin et al. analyzed the injectability of cement grouts in porous media [43,44,45]. Saada, Kim, Bouchelaghem, Eriksson, Chupin, Maghous, and Yoon discussed the penetration grouting mechanism of porous media considering the percolation effect [46,47,48,49,50,51,52]. Uddin, Dayakar, and Yang studied the penetration diffusion laws of Bingham fluid in sandy stratums and sand (gravel) stratums, respectively [18,53,54]. Bolisetti and Costas et al. explored the penetration grouting mechanism of chemical grouts in porous media [55,56,57]. Ye studied the penetration grouting diffusion model for shield tunnels based on Bingham fluid [58]. Zhou analyzed the penetration diffusion model by considering the pore tortuosity effect [59]. Lombardi, Amadei, Lee, Liu, Sun, Mohammed, Wallner, and Zhou discussed the flowing laws of Bingham fluid in rock fractures [59,60,61,62,63,64,65,66]. Gustafson constructed the migration equation of Bingham grouts for a single plate fracture under constant pressure grouting conditions [67]. Pedrotti and Sui et al. researched the fracture grouting diffusion mechanism under hydrodynamic conditions [68,69]. Hassler, Mohamme, Kim, Li, Zhang, and Yang et al. also conducted studies on the penetration mechanism of time-dependent Bingham fluid [37,40,47,65,70,71,72,73].



In terms of the penetration grouting mechanism for power-law fluid, not many studies can be found in the available literature. Yang and Zhang et al. studied the penetration characteristics of a power-law fluid in both porous media and fractured media [74,75]. Yang et al. discussed the penetration grouting mechanism of a power-law fluid in porous media [76,77]. Ye and Fu carried out some studies on the penetration diffusion mechanism of power-law fluid for shield tunnel grouting [58,78]. Zhou constructed the penetration diffusion model of power-law fluid by considering pore tortuosity effect of the porous media [59]. Zhang analyzed the grouting diffusion theory of power-law fluid in the fractures of rock and soil [79]. Yang et al. studied the penetration grouting mechanism by considering the compressive effect of time and water–cement ratio [80]. Yang et al. studied the tortuosity effect on the penetration mechanism of power-law fluids [81]. Research outputs considering the effect of the time-dependent behavior on power-law fluid are few.



In sum, although the mechanism of the Newtonian fluid and Bingham fluid have been widely studied, the field is still far from achieving a full understanding of power-law fluid during grouting. Power-law fluid is widely used in many grouting engineering practices. For example, pure cement (water–cement ratio 0.5–0.7) and clay cement grouts (clay content > 30%) used in engineering are typical power-law fluids [29,82,83]. Additionally, the time-dependent behavior has not been considered in studies on the grouting mechanism of power-law fluid. It is believed that its rheological parameters are constant throughout the entire grouting process, while its rheological parameters have typical time-dependent behaviors [29,83,84]. Therefore, the theoretical diffusion dimensions calculated from this are much larger than the actual grouting measurement values, which makes it difficult to meet the needs of engineering practice. Accordingly, in this paper, the penetration grouting mechanism of the time-dependent power-law fluid for reinforcing loose gravel soil is discussed to provide theoretical support and technical references for practical grouting engineering.




2. Penetration Grouting Mechanism of Time-Dependent Power-Law Fluid for Reinforcing Loose Gravel Soil


2.1. Rheological Equations of Time-Dependent Power-Law Fluid


The basic rheological equation of power-law fluid can be described as following the formula [29,81,82]:


  τ = C  γ n   



(1)







As indicated by Ruan and Yang, the relationship between the consistency coefficient and rheological index of power-law fluid can be expressed in terms of time-dependent laws as illustrated in Equations (2) and (3) [24,74,75].


  n ( t ) ≈  n 0   



(2)






  C ( t ) =  C 0   e  k t    



(3)







By combining Equations (1)–(3), the rheological equation of time-dependent power-law fluid can be defined as follows:


  τ = C ( t )  γ  n ( t )   =  C 0   e  k t    γ   n 0     



(4)




where  τ  is the shear stress;  C  is the consistency coefficient;    C 0    is the initial consistency of time-dependent power-law fluid;   C ( t )   is the consistency coefficient of time-dependent power-law fluid at t time;  n  is the rheological index;    n 0    is the initial rheological index of time-dependent power-law fluid;   n ( t )   is the rheological index of time-dependent power-law fluid at t time;  γ  is the shear rate;  t  is the grouting time; and  k  is the time-dependent coefficient, which can be measured by experimentations.




2.2. Penetration Equations of Time-Dependent Power-Law Fluid


As indicated by Fu and Yang [76,78], penetration equations of power-law fluid without considering time-dependent behavior can be obtained by the following Equation:


  V =   (    K e     μ e    )    1 n      ( −   d p   d l   )    1 n     



(5)




where    μ e    and    K e    can, respectively be obtained by the following Equations:


   μ e  = C   (   1 + 3 n   ϕ  r 0  n   )   n − 1    



(6)






   K e  =   ϕ  r 0 2   2  (  n  3 n + 1   )  



(7)




where  V  is the penetration velocity of power-law fluid without considering time-dependent behavior;  p  is the pressure providing for penetration;  l  is the displacement of penetration;    K e    and    μ e    are effective permeability and effective viscosity of power-law fluid without considering time-dependent behavior;  ϕ  is the porosity of the injected medium; and    r 0    is the supposed parameter. It can be obtained by   K =   ϕ  r 0 2   /  8 μ    , where  K  and  μ  are, respectively, the permeability coefficient of the injected medium and the viscosity of water at the corresponding temperature.



Based on Equations (2), (3), (6), and (7), the effective permeability and effective viscosity can be obtained by the following Equations:


     μ e  ( t ) = C ( t )   (   1 + 3 n ( t )   ϕ  r 0  n ( t )   )   n ( t ) − 1   ≈  e  k t    C 0    (   1 + 3  n 0    ϕ  r 0   n 0    )    n 0  − 1       =  e  k t    μ  e 0   =  e  k t    μ e     



(8)






     K e  ( t ) =   ϕ  r 0 2   2  (   n ( t )   3 n ( t ) + 1   ) ≈   ϕ  r 0 2   2  (    n 0    3  n 0  + 1   )     =  K  e 0   =  K e     



(9)




where    μ  e 0     is the initial effective viscosity of the time-dependent power-law fluid;    μ e  ( t )   is the effective viscosity of the time-dependent power-law fluid at t time;    K  e 0     is the initial effective permeability of the time-dependent power-law fluid; and    K e  ( t )   is the effective permeability of the time-dependent power-law fluid at t time.



Equations (8) and (9) indicate that the effective permeability of the power-law fluid changes exponentially with time and it has typical time-dependent characteristics. However, effective permeability changes little with time and reaches closer to initial effective permeability, which can be regarded as time-independent behavior.



Taking Equations (8) and (9) into (5), the penetration equation of the time-dependent power-law fluid can be obtained as follows:


  V =   (    K e  ( t )    μ e  ( t )   )    1  n ( t )       ( −   d p   d l   )    1  n ( t )     =  e    − k t    n 0        (    K  e 0      μ  e 0     )    1   n 0        ( −   d p   d l   )    1   n 0       



(10)








2.3. Penetration Grouting Mechanism of Time-Dependent Power-Law Fluid


The following assumptions are proposed for studying the penetration grouting mechanism of time-dependent power-law fluid:




	(1)

	
The injected medium is assumed to be isotropic and homogeneous, and the change of porosity in the process of penetration grouting can be ignored.




	(2)

	
Using the tamping method, power-law fluid is injected into the injected medium from the bottom of the grouting pipe orifice and diffuses spherically.




	(3)

	
The power-law fluid is incompressible, and the flow pattern remains unchanged during the grouting process.




	(4)

	
The flow velocity is small. The flow state of grouts is turbulent flow in a certain small area around the grouting hole, while the flow state of other areas is laminar flow.




	(5)

	
The gravity effect of power-law fluid is ignored during the whole grouting process.









When discussing the penetration grouting mechanism of the time-dependent power-law fluid, the penetration diffusion theoretical model used in this paper is shown in Figure 1.



In Figure 1,    p 1    is the grouting pressure;    p 0    is the groundwater pressure at the grouting point;    l 1    is the penetration and diffusion radius of time-dependent power-law fluid after t time; and    l 0    is the radius of the grouting pipe.



The grouting amount of the time-dependent power-law fluid in the grouting process meets the following Equation:


  q = V A  



(11)




where  q  is grouting flow per unit time, and  A  is the total surface area of the time-dependent power-law fluid in the grouting penetration diffusion area.



The total diffusion surface area A of the penetration diffusion theoretical model shown in Figure 1 is described as:


  A = 4 π  l 2   



(12)







Taking Equations (11) and (12) into Equation (10), the following equation can be obtained:


  d p = −  e  k t      μ  e 0      K  e 0          q  4 π        n 0     l  − 2  n 0    d l  



(13)







Integrating Equation (13) with the separation variable method and considering the boundary conditions   l =  l 0   ,   p =  p 1    and the grouting amounts   Q =  4 3  π  l 3  ϕ  , the penetration grouting diffusion mechanism of time-dependent power-law fluid for reinforcing loose gravel soil is obtained:


   p l  =  p 1  −    e  k t     ( 1 − 2  n 0  )      μ  e 0      K  e 0       (  ϕ  3 t   )    n 0    (  l  1 − 2  n 0    −  l 0     1 − 2  n 0    )  l  3  n 0     



(14)







According to Equation (14), the penetration grouting diffusion theory of power-law fluid without considering time-dependent behavior (k = 0) is obtained:


   p 1  −  p 0  =  1  ( 1 − 2 n )      μ e     K e      (  ϕ  3 t   )  n  (  l 1     1 − 2 n   −  l 0     1 − 2 n   )  l 1     3 n    



(15)








2.4. Scope of Applications


The mechanism (Equation (14)) is deduced on the assumption that the flow state of the power-law fluid is laminar flow, so it does not apply to turbulent flow.



The stability coefficient Z is often used to determine the state of laminar flow or turbulent flow in the process of penetration and diffusion. When Z > 808, the penetration and diffusion process of time-dependent power-law fluid belongs to turbulent flow; whereas, when Z < 808, it belongs to laminar flow [84].



The stability coefficient Z can be calculated as follows:


    Z =   n ( t )    2  n ( t )       (  1  n ( t ) + 2   )     n ( t ) + 2   n ( t ) + 1       (   3 n ( t ) + 1   n ( t )   )   2 − n ( t )       v ¯   2 − n ( t )    d  n ( t )   ρ   C ( t )       =    n 0     2   n 0        (  1   n 0  + 2   )      n 0  + 2    n 0  + 1       (   3  n 0  + 1    n 0    )   2 −  n 0        v ¯   2 −  n 0     d   n 0    ρ    C 0   e  k t        



(16)




where   v ¯   is the average diffusion velocity of time-dependent power-law fluid in loose gravel soil;  ρ  is the density of time-dependent power-law fluid;  d  is the spatial dimensions of flow (e.g., radius or diameter of pipe, this paper refers to the pore size of time-dependent fluid flowing in loose gravel soil); and other symbols are the same as above.





3. Penetration Grouting Indoor Experiments of Time-Dependent Power-Law Fluid for Reinforcing Loose Gravel Soil


3.1. Experimental Device


The indoor experimental device of grouting used in this paper can be observed in Figure 2.



The indoor experimental device shown in Figure 2 consists of three parts: pressure supply equipment, grouts storage box, and experimental box. The pressure supply equipment adopts pressurized nitrogen to provide grouting pressure. The precise and quantitative control of grouting pressure and grouting time can be achieved by adjusting the nitrogen pressure reducer and grouting control switch. The grouts storage box is mainly composed of an airtight steel cylinder, circular iron frame, and electronic scale, which are used to hold the time-dependent power-law fluid. The bottom diameter of the airtight steel cylinder is 15 cm, while the height is 40 cm. The designed pressure is 2.5 MPa. The amount of power-law fluid injected into the injected medium during the grouting experimental process can be accurately measured by an electronic scale. The experimental box, which is made of clear tempered glass with a size of 600 × 600 × 600 mm, is used to place the injected medium [77].




3.2. Experimental Materials


3.2.1. Grouting Materials


The grouting material is ordinary Portland cement produced by Kunming Cement Plant with the production mark of # 32.5. This kind of cement is widely used as a grouting material in practical engineering applications. As indicated by Takano [26] and Yang [35], pure cement grouts with a water–cement ratio of 0.5–0.75 are typical power-law fluids. Therefore, in this study, pure cement grouts with a water–cement ratio of 0.50, 0.60, and 0.70 are used as grouting materials.



To ensure penetration grouting effects, the rheological and time-dependent characteristics of pure cement grouts with water–cement ratios of 0.5, 0.6, and 0.7 must be tested. The experiments use the NXS-11A rotary viscometer produced by Chengdu Instrument Factory to carry out the rheological experiments for these three kinds of cement grouts at 0, 300, 600, 1200, 1800, and 2400 s. The ambient temperature of the rheological experiments and the water temperature of the cement grouts are kept in the range of 10 ± 1 °C [77].



Rheological equations and the time-dependent characteristics of rheological parameters of cement grouts with water–cement ratios of 0.5, 0.6, and 0.7 obtained by experimental analysis are shown in Table 1 and Figure 3.



The following can be understood from Table 1 and Figure 3: (1) pure cement grouts with water–cement ratios of 0.50, 0.60, and 0.70 are power-law fluid, which confirms previous research results [26,35,77]; and (2) the consistency coefficient increases exponentially with time and has typical time-dependent laws, while the rheological index does not change much with time and does not have time-dependent characteristics.




3.2.2. Injected Medium


In this paper, gravel soil with particle sizes ranging from 5–10 mm, 3–5 mm, and 1–3 mm were selected as injected media. Before the grouting experiments, these three kinds of gravel soil were washed three times in clear water to ensure that they meet the hypothesis of isotropy and homogeneity in the derivation of the penetration diffusion mechanism of the time-dependent power-law fluid to the maximum extent. The properties of three kinds of injected gravel soil can be seen in Table 2.





3.3. Experimental Design


The design schemes of grouting indoor experiments are shown in Table 3. The PVC pipe with a diameter of 15 mm is selected as the grouting pipe. The grouting pipe is laid at the middle of one sidewall of the experimental box for the convenience of observing the penetration diffusion patterns of cement grouts in gravel soil in the experimental process. The indoor environment temperature and water temperature of cement grouts are 10 °C (viscosity of water is   μ = 1.31 ×      10   − 3      Pa  ⋅ s  , when the temperature is 10 °C).




3.4. Experimental Results


3.4.1. Judgments of Fluid Flowing State in the Experimental Process


For the grouting experiments with the material parameters as illustrated in Table 3, it is required to immediately add grouts into the storage box to carry out the experiments when the power-law cement grouts are prepared. The flow rate and flow velocity of cement grouts injected into the grouting pipe within the first second of the experiments are obtained by electronic scale measurement and analysis. The stability coefficients Z1 of power-law cement grouts flowing in the grouting pipe within this time can be calculated by Equation (16), and the calculated results can be found in Table 4.



It can be indicated from Table 4 that the stability coefficients Z1 of the power-law cement grouts flowing in the grouting pipe within the first second of three groups of experiments are all less than 800. With three kinds of power-law cement grouts injected into gravel soil, the consistency coefficient gradually increases due to time-dependent behavior. This will result in the space and dimension of the flowing pore path of grouts in gravel soil becoming smaller or even completely blocked, causing the flow velocity of grouts to decrease gradually. Therefore, the stability coefficient Z of cement grouts gradually decreases in the grouting process. In other words, the penetration diffusion stability coefficient Z of power-law cement grouts with water–cement ratio of 0.5, 0.6, and 0.7 in gravel soil follows the equation,   Z <  Z 1  < 808  , during the grouting process. Thus, the whole penetration diffusion process of these three cement grouts in gravel soil shows good agreement with the theoretical basis of laminar flow.




3.4.2. Experimental Results


Photos of the grouting experimental process are shown in Figure 4.



After the grouting experiments are completed and cement grouts and gravel soil become completely consolidated and dried, then the experimental box can be disassembled. The three-dimensional diffusion dimensions of the x-axis, y-axis, and z-axis of the grouted stone body are, respectively, measured with a ruler. The diffusion dimensions of each direction should be measured at least three times, and the average value should be taken. The measured three-dimensional diffusion dimensions of the x-axis, y-axis, and z-axis of the grouted stone body can be seen in Table 5.



It is indicated in Table 5 that there are little differences in the three-dimensional diffusion dimensions of x-, y-, and z- axes of the grouted stone body. The diffusion dimension of the z-axis direction is the largest and the diffusion dimension of the x-axis direction is the smallest, but the difference between them is within 5%. This shows that the spatial diffusion pattern of a time-dependent power-law fluid in gravel soil conforms to the penetration diffusion theoretical model shown in Figure 1.






4. Numerical Simulations of Penetration Grouting of Time-Dependent Power-Law Fluid for Reinforcing Loose Gravel Soil


Relying on the multi-physics field coupling software COMSOL Multiphysics and Darcy’s law, three-dimensional numerical calculation programs for the mechanism (Equation (14)) are obtained by using secondary-development programming technology. The programs can not only simulate the penetration diffusion process of the time-dependent power-law fluid in gravel soil, but also ensure that the penetration diffusion process conforms to the theoretical basis of laminar flow.



4.1. Numerical Calculation Principle and Model Establishment


To simulate the permeability and porosity in loose gravel soil, the stochastic modeling method of two-dimensional standard normal distribution was used to obtain the spatial distribution of the permeability coefficient and porosity according the spatial position of control points. The probability density function is defined as follows:


  f ( X ) =  1    2 π   α    e  −   ( x − β )  2  / ( 2  α 2  )    



(17)




where   f ( X )   is the probability density function of random variable X obeying normal distribution;  α  is the expectation of random variable X obeying normal distribution; and  β  is the standard deviation of random variable X obeying normal distribution.



The distribution function of random variables satisfies following equation:


    lim   m → ∞    T m  ( X ) =    ∫  − ∞  X    1    2 π         e  −  φ 2  / 2   d φ  



(18)







Distribution of porosity and permeability coefficient are obtained based on the distribution function. To better compare the indoor experimental results and the analytical results, the numerical model in this research is adopted as the same as the indoor experimental model in size. In addition, the input values for the numerical method are used from the experiments. According to the indoor experimental device of the grouting model, the numerical model is set as a three-dimensional cube of 0.60 × 0.60 × 0.60 m, and the gravel soil parameters, cement grouts parameters, and experimental scheme are completely consistent with the indoor experiments. The distribution of porosity and permeability coefficient of the gravel soil simulated by the model are shown in Figure 5.



The comparisons between Figure 5 and Table 2 show that the porosity and permeability coefficient of gravel soil simulated by the model fully meet the requirements of indoor experiments. The flow control equation of the grout in the simulation can be obtained:


  ∇   ρ ( −  K μ  ) ∇ P   =  Q m   



(19)




where  ρ  is the grout density;  K  is the permeability coefficient of the porous medium;  μ  is the grout viscosity;   ∇ P   is the difference between the grouting pressure and groundwater pressure; and    Q m    is the source item.



Taking Equations (14) and (15) into Equation (19), three-dimensional numerical calculation programs for the mechanism are obtained by using secondary-development programming technology. Numerical simulation research is carried out according to the calculation parameters in Table 1, Table 2, Table 3 and Table 4.




4.2. Numerical Simulation Results


The numerical simulation results based on the indoor experiments are shown in Figure 6.



It can be indicated from Figure 6 that the penetration diffusion patterns of power-law cement grouts in gravel soil with and without considering the time-dependent behavior of fluid are both hemispherical, which is also consistent with the penetration diffusion theoretical model, as shown in Figure 1. At the same time, the range of spatial penetration diffusion considering the time-dependent behavior of grouts is smaller than that without considering time-dependent behavior.





5. Comparisons between Results from Theoretical Analyses, Indoor Experiments, and Numerical Simulations


To calibrate the proposed method, the results from theoretical analyses, indoor experiments, and numerical simulations were compared. The results for the three kinds of methods can found in Table 6 and Figure 7 and Figure 8, respectively.



To better compare the results from the theoretical analyses and numerical simulations, equivalent diffusion radiuses of the time-dependent power-law fluid in gravel soil are calculated by the equal volume method as indoor experimental results. The equivalent diffusion radiuses are calculated by the following Equation:


   R d  =   a b c  3   



(20)




where    R d    is the equivalent diffusion radius of a power-law fluid in gravel soil; and fv  a ,  b , and  c  are the three-dimensional diffusion dimensions of the x-, y- and z-axes of the stone body, respectively.



The following can be concluded from Table 6 and Figure 7 and Figure 8: (1) The differences between the theoretical calculation values and numerical simulation values of the diffusion radius are no more than 10%, which shows that the three-dimensional numerical calculation programs can successfully simulate the penetration diffusion patterns of a time-dependent power-law fluid in loose gravel soil. (2) The theoretical calculation values and numerical simulation values of the diffusion radius obtained from the mechanism are closer to the indoor experimental values than those obtained from the penetration grouting diffusion theory.




6. Discussion


The theoretical calculation values and numerical simulation values of the diffusion radius obtained from the mechanism are larger than those of indoor experimental values. The main reasons for the phenomenon are as follows:




	(1)

	
The filtration effect of time-dependent power-law fluid is not considered in the theoretical derivation and numerical simulations. In the process of indoor experiments, the continuous precipitation of water leads to the continuous change in grout concentration, particle distribution, and hydration reaction. Furthermore, problems such as sedimentation and blockage may occur during the diffusion in loose gravel soil, which may affect the results of penetration and diffusion.




	(2)

	
In the indoor experiments, although the particle size distribution of the selected gravel soil is uniform and the soil is washed three times before the experiments to make it as isotropic and homogeneous as possible, it is still difficult to meet the requirements of isotropy and homogenization that were put forward in theoretical derivation and numerical simulations.




	(3)

	
There are certain boundary effects and size effects in the indoor experiments. The penetration diffusion of the power-law fluid in loose gravel soil is an extremely complex process. The experimental results are also affected by many factors, such as the experimental environment and tester operation.




	(4)

	
At present, some research achievements have been made on the time-dependent behavior of the power-law fluid. However, there are some shortcomings in the existing rheological experimental device and experimental methods. As such, the current research results cannot fully reflect their time-dependent laws. This is also the main reason for the difference between theoretical calculation values, numerical simulation values and indoor experimental values. The study on the time-dependent laws of power-law fluid should be conducted in further studies. Particularly, the existing rheological experimental device can only observe the time-dependent behavior of the rheological parameters of grouts in a natural environment, but it is impossible to measure the change of grout rheology with time in the process of the filtration process.










7. Conclusions


Combining theoretical analyses, indoor experiments and numerical simulations, the penetration grouting mechanism of the time-dependent power-law fluid for reinforcing loose gravel soil was studied in this paper, and the following conclusions were obtained:




	(1)

	
Based on basic rheological equations and time-dependent behavior of rheological parameters (consistency coefficient and rheological index), the rheological equations and penetration equations of time-dependent power-law fluid were studied. Its penetration grouting diffusion mechanism was then theoretically induced. The application scope of the mechanism was analyzed.




	(2)

	
According to the penetration grouting principle and the on-set grouting process, a set of indoor experimental devices for simulating penetration grouting was designed to simulate the penetration grouting of power-law fluid with different time-dependent behaviors for reinforcing loose gravel soil. The indoor experimental results showed that the differences of the spatial diffusion dimensions of time-dependent power-law fluid in gravel soil are less than 5%, which agrees with the penetration diffusion theoretical model of this mechanism.




	(3)

	
Relying on the multi-physics field coupling software COMSOL Multiphysics platform and Darcy’s law, three-dimensional numerical calculation programs for the mechanism were obtained by using secondary development programming technology. Accordingly, numerical simulations of the penetration grouting process of the power-law fluid with different time-dependent behaviors for reinforcing loose gravel soil were carried out. The numerical simulation results show that the penetration diffusion patterns of power-law cement grouts in gravel soil with and without considering the time-dependent behavior of fluid are hemispherical, which is also consistent with the penetration diffusion theoretical model of this mechanism. In addition, the range of the spatial penetration diffusion considering the time-dependent behavior of grouts is smaller than that without considering the time-dependent behavior.




	(4)

	
The mechanism was validated by comparing the results from theoretical analyses, indoor experiments, and numerical simulations. Research results show that the three-dimensional numerical calculation programs can successfully simulate the penetration diffusion patterns of a time-dependent power-law fluid in loose gravel soil. The theoretical calculation values and numerical simulation values of the diffusion radius obtained from the mechanism are closer to the indoor experimental values than those obtained from penetration grouting diffusion theory.









In summation, the mechanism can better reflect the penetration grouting diffusion laws of the power-law fluid in loose gravel soil than the penetration grouting diffusion theory, providing theoretical support and guidance for practical grouting construction.
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Figure 1. Penetration diffusion theoretical model of power-law fluid in injected medium. 
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Figure 2. Grouting experimental device ((a) Schematic diagram, (b) Physical diagram). ①—Pressure supply equipment, ②—grouts storage box, ③—experimental box, ④—nitrogen pressure reducer and grouting control switch, ⑤—time-dependent power-law fluid, ⑥—electronic scale, ⑦—grouting pipe, ⑧—gravel (sand) with uniform particle size. 
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Figure 3. Time-dependent characteristics of three kinds of cement grouts. (a) Time-dependent characteristics of consistency coefficient, (b) Time-dependent characteristics of rheological index. 
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Figure 4. Pictures of grouting experimental process. (a) Penetration diffusion pattern, (b) Grouted stone body. 
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Figure 5. Distribution of porosity and permeability coefficient of gravel soil simulated by the model ((a) Porosity distribution, dimensionless, (b) Permeability coefficient distribution K/cm/s). 
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Figure 6. Numerical simulation results of penetration diffusion patterns of power-law cement grouts in gravel soil. ((a) Simulation results considering time-dependent behavior of grouts, (b) Simulation results without considering time-dependent behavior of grouts, (c) Simulation results considering both conditions; yellow and blue are, respectively, penetration diffusion patterns of considering and not considering time-dependent behavior of grouts, dimensionless). 
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Figure 7. Comparison between experimental values and numerical simulation values of the diffusion radius. ((a–c)—Comparison results of G1, G2, and G3. In the figure, red is experimental value, and other colors are shown in Figure 6c, dimensionless). 
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Figure 8. Comparison of experimental values, theoretical calculation values, and numerical simulation values of the diffusion radius. 
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Table 1. Rheological equations and time-dependent equations of consistency coefficient of three kinds of power-law cement grouts.
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	Water–Cement Ratio
	Rheological Equation
	Time-Dependent Equation of Consistency Coefficient





	0.5
	   τ = 10.4426  γ  0.1406     
	   C ( t ) = 10.4507  e  0.0011 t     



	0.6
	   τ = 4.6156  γ  0.2692     
	   C ( t ) = 4.4195  e  0.0010 t     



	0.7
	   τ = 1.9321  γ  0.4537     
	   C ( t ) = 1.8656  e  0.0009 t     







Note: The unit of time t is seconds.
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Table 2. Properties of three kinds of injected gravel (sand) materials.
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	Particle Grading of Injected Gravel Soil
	Specific Gravity

ds
	Water Content

ω/%
	Density

ρ/g/cm3
	Permeability Coefficient K/cm/s
	Porosity ϕ/

%
	Material Mark





	1–3mm
	2.63
	3.24
	1.63
	0.65
	39.93
	material 1



	3–5mm
	2.65
	2.79
	1.50
	2.11
	45.05
	material 2



	5–10 mm
	2.72
	2.18
	1.37
	8.94
	50.74
	material 3
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Table 3. Design parameters of grouting simulation experiments.






Table 3. Design parameters of grouting simulation experiments.





	Experimental Number
	Water–Cement Ratio of Power-Law Cement Grouts
	Injected Media
	Grouting Pressure/m
	Grouting Time/s





	G1
	0.5
	M3
	61.22
	240



	G2
	0.6
	M2
	45.92
	210



	G3
	0.7
	M1
	30.61
	180
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Table 4. Movement parameters of power-law cement grouts in grouting pipe within the first second of experiments.






Table 4. Movement parameters of power-law cement grouts in grouting pipe within the first second of experiments.





	Experimental Number
	Flow Rate of Cement Grouts

    Q 1  / l / s   
	Flow

Velocity of Cement Grouts     v 1  / m / s   
	Density of Cement Grouts   ρ  /Kg/m3
	Stability Coefficient

    Z 1    





	G1
	0.35
	1.98
	1840
	786.32



	G2
	0.41
	2.32
	1750
	732.85



	G3
	0.54
	3.06
	1670
	675.43
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Table 5. Measured three-dimensional diffusion dimensions of the x-axis, y-axis, and z-axis of grouted stone body.






Table 5. Measured three-dimensional diffusion dimensions of the x-axis, y-axis, and z-axis of grouted stone body.





	Experimental Number
	x-Axis/mm
	y-Axis/mm
	z-Axis/mm
	Difference between Maximum and Minimum Diffusion Dimension





	G1
	82.9
	84.3
	86.6
	4.27%



	G2
	78.4
	79.9
	81.2
	3.45%



	G3
	72.6
	74.2
	75.9
	4.35%
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Table 6. Experimental values, theoretical calculation values, and numerical simulation values of the diffusion radius.






Table 6. Experimental values, theoretical calculation values, and numerical simulation values of the diffusion radius.





	
Experimental Values, Theoretical Calculation Values, and Numerical Simulation Values of Diffusion Radius Experimental Number

	
Theoretical Calculation Values/mm

	
Numerical Simulation Values/mm

	
Test Value-Equivalent Diffusion Radius/mm




	
Calculation Based on Equation (14)

	
Calculation Based on Equation (15)

	
Simulation Based on Equation (14)

	
Simulation Based on Equation (15)






	
G1

	
124.7

	
155.2

	
138.1

	
168.9

	
84.6




	
G2

	
121.1

	
141.4

	
128.4

	
147.0

	
79.8




	
G3

	
114.0

	
123.7

	
118.7

	
132.1

	
74.2
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