[image: image1]A Fractional Order Creep Damage Model for Microbially Improved Expansive Soils

		ORIGINAL RESEARCH
published: 21 June 2022
doi: 10.3389/feart.2022.942844


[image: image2]
A Fractional Order Creep Damage Model for Microbially Improved Expansive Soils
Tian Xuwen, Xiao Hongbin*, Li Zhenyu, Su Hunayu, Ouyang Qianwen, Luo Shenping and Yu Xinpei
College of Civil Engineering, Central South University of Forestry and Technology, Changsha, China
Edited by:
Xiaodong Fu, Institute of Rock and Soil Mechanics (CAS), China
Reviewed by:
Jie Liu, Hunan University of Technology, China
Sujatha Evangelin Ramani, SASTRA University, India
Tao Li, Beijing Jiaotong University, China
* Correspondence: Xiao Hongbin, t20090169@csuft.edu.cn
Specialty section: This article was submitted to Geohazards and Georisks, a section of the journal Frontiers in Earth Science
Received: 13 May 2022
Accepted: 02 June 2022
Published: 21 June 2022
Citation: Xuwen T, Hongbin X, Zhenyu L, Hunayu S, Qianwen O, Shenping L and Xinpei Y (2022) A Fractional Order Creep Damage Model for Microbially Improved Expansive Soils. Front. Earth Sci. 10:942844. doi: 10.3389/feart.2022.942844

Microbial Induced Calcite Precipitation method was used to improve the expansive soils of Nanning, Guangxi. The nonlinear shear creep behavior of microbially improved expansive soil was studied by triaxial consolidation drainage shear test. The results show that when the expansive soil was applied a small partial stress, the creep curve of soil exhibits transient deformation and decay creep. When the partial stress reaches a certain value, there is decay creep, steady-state creep and accelerated creep successively showed on the creep curve. The stress-strain isochronous curves reflect there are obvious nonlinear characteristics in the creep process of improved expansive soils. The degree of this nonlinearity is related to the creep time and stress level. The longer the creep time as well as the higher the stress level, the higher the degree of nonlinearity. Based on the fractional calculus theory and statistical damage theory, the probability density function of Weibull distribution was introduced, and the damage degradation of soft component viscosity coefficient was considered. As a result, a fractional-order damage creep model which can describe the shear creep evolution of microbially improved expansive soils is established. Compared with the Kelvin creep model of integer order and the Burgers creep model of fractional order, the fractional order damage creep model has not only better comparative evaluation results but also more higher computational accuracy. It indicates that the fractional-order damage creep model can better describe the whole process of shear creep in microbially improved expansive soils. The above findings provide a theoretical basis for the study of deformation analysis of microbially improved expansive soils under long-term loading.
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INTRODUCTION
Expansive soils are widely distributed in the world and is a high liquid limit clay with expansion and contraction, fracture and super consolidation (Shi et al., 2014; Al-Mukhtar et al., 2012), which can easily cause cracking and instability of expansive soil slopes (Fu et al., 2017; Fu et al., 2020). Inorganic materials such as lime, cement and fly ash are usually used to improve expansive soils in engineering construction (Khadka et al., 2020). However, these improvement and improvement methods have disadvantages such as high cost, long construction period and unfriendly to the environment during the construction process (Ali 2018). In recent years, With the development of environmental geotechnical technology (Bai et al., 2021a; Bai et al., 2017), Microbial Induced Calcite Precipitation (MICP) method, has been widely used in construction projects for foundation strengthening (Liu et al., 2019), dust and sand consolidation (Naeimi and Chu 2017) and concrete fracture repair (Lors et al., 2017; Justo-Reinoso et al., 2021). MICP technology, as a new soil improvement method, can form carbonate precipitation with excellent consolidation performance. It is a modern biological technology with simple construction, low cost, rapid efficiency and environmental friendliness. Urease produced by microorganisms during their life activities hydrolyzes urea in an alkaline environment, producing ammonium ions and carbonate ions. The carbonate ions combine with calcium ions in the soil to form calcium carbonate precipitates adsorbed on the surface of the bacteria (Liu et al., 2017). Relevant literature have shown that the MICP method can effectively reduce the expansion and contraction of expansive soils (Tiwari et al., 2021; Li et al., 2021) and improve their strength (Jiang et al., 2021; Ouyang et al., 2022). However, most of the studies on the improvement of expansive soils using the MICP method have focused on the physical properties, strength properties, and deformation properties of the improved expansive soils under short-term loading. The creep properties of the improved expansive soils under long-term loading have not been reported in the literature. Therefore, the research on creep properties of microbially improved expansive soils is not only of great theoretical significance, but also has a broad prospect of engineering application.
The creep curve of soil reflects the stress-strain-time relationship of soil. It is the prerequisites to establish creep model for studying the creep properties of soil. In the early studies of creep properties of soils, scholars are used to adopt component models (Li et al., 2012; Yang and Li 2018) and empirical models (Fahimifar et al., 2015; Xue et al., 2020). In the element model, the nonlinear creep properties of the soil body cannot be described because the basic elements are linear (Xiao et al., 2011). Although the nonlinear creep of the soil can also be reflected by transforming the element parameters, the creep equation is complex and has more parameters. The empirical model lacks a rigorous theoretical basis and can only reflect the creep properties of geotechnical materials in a specific region and does not have universal applicability.
In recent decades, scholars have applied fractional order calculus theory and damage theory to the study of geotechnical rheological models in order to better describe the complex mechanical behavior of soils. Zhou et al. (2011) proposed a new creep instanton model with time-based fractional order derivatives by employing fractional order Abel viscous pots instead of Newtonian viscous pots in the classical Nishihara model. Gao and Yin (2021) developed a fractional order creep model describing the full stage creep behavior of rocks in order to characterize the creep properties of rocks more accurately. The model has a simple form, few parameters and clear physical concepts. Based on rheological mechanics and fractional order calculus theory (Ning et al., 2017), established the instanton and creep equations that can reflect the nonlinear rheological properties of expanded soils. Based on the fractional calculus theory (Zhang et al., 2018), established a three-component fractional model that can more accurately reflect the nonlinear stress relaxation characteristics of expansive soil. Xue et al. (2021) applied fractional order calculus and damage mechanics to the creep model of rock salt and established the Burgers model for fractional order creep damage considering temperature and volume stresses.
Many existing creep models of rock or geotechnical materials cannot completely describe the creep mechanical behavior for microbially improved expansive soils. Therefore, in this paper, triaxial drainage shear creep test is conducted on microbially improved expansive soil to study the deformation evolution law of the soil with time under the long-term loading. According to the creep test results, based on the fractional order calculus theory and statistical damage theory, the probability density function of Weibull distribution is introduced to consider the damage deterioration of the coefficient of viscosity of the soft element class. In this way, a fractional-order damage creep model describing the creep properties of microbially improved expanded soil was established.
TEST MATERIALS AND METHODS
Test Materials
The expansive soil for the test was taken from a ring road section in Nanning, Guangxi. According to the Highway Soil Test Procedure (JTG 3430-2020), the basic physical property indexes of the soil sample were obtained, as shown in Table 1. According to the test results and the classification standard of expansive soil, the soil sample can be judged as high liquid limit medium expansive soil.
TABLE 1 | Indices of physical property of expansive soils.
[image: Table 1]The microorganism used in the experimental study was Bacillus cereus (strain number ATCC11859) acquired by the Chinese General Microbial Strain Conservation and Management Center (CGMCC). This strain was isolated from natural soil, is non-pathogenic, and can produce large amounts of urease during its vital activity (Zhao 2014).
During the experiment, Bacillus cereus was first removed from the refrigerator and inoculated into the culture medium for rapid culture and propagation. The culture medium used in the experiment was composed of nutrients such as urea, casein peptone, soy peptone and sodium chloride. The inoculated culture medium was then placed in a shaker for 48 h and the bacterial concentration was measured by spectrophotometer. The concentration of the bacterial broth was considered to meet the requirements of the test when the absorbance density OD600 reached above 1.0 (Wu et al., 2020).
The natural expansive soils have a low content of calcium elements and thus the calcium carbonate yield during the MICP mineralization reaction is low. Therefore, in the experimental study, it was necessary to supplement the calcium source in the soil by adding cementation solution made from a mixture of calcium chloride and urea. In the dried and sieved expansive soil, the bacterial solution and the cementation solution were mixed. In this case, the molar ratio of calcium chloride and urea in the cementation solution was 1:1 and the molar concentration was 1.0 mol/L (Zhao et al., 2014; Wu et al., 2020).
Preparation of Specimens
According to the existing studies in our group, it was found that the best improvement of soil samples was achieved at a volume ratio of 1:2 between the bacterial solution and the cementation solution in the MICP process (Tian et al., 2022; Su et al., 2022). Therefore, the volume ratio of bacterial solution to cementation solution per unit mass of soil sample was controlled to 1:2. In this experiment, 50 ml of bacterial solution and 100 ml of cementation solution were mixed into each 500 g of soil sample. The specimens were prepared according to the Standard for Geotechnical Test Methods (GB/T 50123-2019). Firstly, the expansive soil was air-dried and passed through a 2 mm sieve, then the bacterial solution and the cementation solution were sprayed into the expansive soil separately. The mixed expanded soil was sealed with cling film, leaving part of the pore space to ensure the oxygen supply of bacteria.
Test Scheme
The instrument for the test is the TKA automatic triaxial apparatus produced by Nanjing TKA Technology Co., Ltd. Before the creep test, the triaxial consolidation and drainage shear (CD) test was conducted to determine the damage deflection stress of the specimen, which was used as the load classification basis for the triaxial consolidation and drainage shear creep test. the CD test results were obtained, when the surrounding pressure was 150 kPa, the damage deviatoric stress of the specimen was qf =270 kPa. Creep tests were performed using a graded loading method. The surrounding pressure was set to 150 kPa, and the partial stresses were 54 kPa, 108 kPa, 162 kPa, 216 kPa, and 270 kPa. The specimen would be damaged in a relatively slow process due to the drainage conditions (Zhang et al., 2011). To accelerate the shear damage of the specimen, another level of deflective stress can be applied at 324 kPa in the test, each level of loading is maintained for 48 h. When the deformation rate is not greater than 0.005 mm/d, creep can be considered stable and the next level of loading is performed.
TEST RESULTS AND ANALYSIS
Creep Curves
The creep curves of the specimen loaded as a whole were obtained by collating the triaxial creep test results, as shown in Figure 1. The creep curve of the specimen with graded loading was obtained by processing the creep data according to the Boltzmann linear superposition principle, as shown in Figure 2.
[image: Figure 1]FIGURE 1 | Creep curve. (A) Creep curve under integral loading (B) Creep curve under graded loading.
[image: Figure 2]FIGURE 2 | Stress-strain isochronous curves.
It can be found in Figure 1 that when the level of deviatoric stress is low, the strain of the specimen only includes two parts of transient strain and decay creep during the duration of the test. When the deviatoric stress was higher, the creep process of the specimen experienced three complete creep stages, such as decay creep, steady-state creep and accelerated creep, and the specimen finally underwent creep damage. In the transient elasto-plastic deformation phase, the load on the soil particle skeleton increases due to increasing deviatoric stress in a relatively short period of time, resulting in elastic deformation of the particles and plastic deformation caused by inter-particle position adjustment (Bai et al., 2021b; Zhou et al., 2022). Macroscopically, the soil axial strain increases in a short period of time. In the decay deformation phase, the stress chain within the soil skeleton stabilizes, the particle deformation and position adjustment gradually decreases (Bai et al., 2014), and the creep rate of the soil sample gradually decreases. In the steady-state deformation stage, the stress chain of the soil skeleton is basically stable, and the macroscopic deformation of the soil body is presented as stable creep. When the deviatoric stress continues to increase, the soil body enters the accelerated creep stage and eventually creep damage occurs. The deformation rate in the accelerated creep stage increases continuously and lasts for a very short time. At this time, the soil skeleton is basically destroyed, and the deformation of the specimen is no longer controllable.
Determination of Long-Term Intensity
In order to observe the nonlinear creep pattern of soil specimen more visually, the stress-strain isochronous curve of soil specimen can be made. The stress-strain isochronous curve of the soil specimen, as shown in Figure 2. In Figure 2, ε is the axial strain and q is the deviatoric stress.
From Figure 2, it can be found that when the stress level is low, the stress-strain approximates a linear relationship. With the gradual increase of stress level, the stress-strain isochronous curve gradually shifts toward the strain axis. Meanwhile, as the creep time increases, the stress-strain isochronous curve gradually moves away from the stress axis and bends toward the strain axis. The longer the creep time, the more obvious the bending of the isochronous curve toward the strain axis. Therefore, microbially improved expansive soils, have nonlinear creep properties, and the degree of nonlinearity is related to the stress level and creep time. The range of linear creep decreases with the increase of stress level and creep time, and the degree of nonlinear creep increases accordingly.
According to the method proposed by (Shen et al., 2012) for determining long-term strength based on isochronous curves, the inflection point of the stress-strain isochronous curve cluster can be determined to be located at a stress of 138 kPa. After the inflection point, the curve cluster changes from dense to sparse. Therefore, 138 kPa can be taken as the long-term strength of the clay. When the stress is less than the long-term strength, the isochronous curve is almost linear, and the soil can be considered as a viscoelastic body. When the stress is greater than the long-term strength, the stress-strain relationship is no longer linear, and the soil can be considered as a viscoplastic body.
INTRINSIC STRUCTURE RELATIONS FOR FRACTIONAL-ORDER DAMAGE CREEP MODEL
Soft Components Based on Fractional Order Calculus
Fractional order calculus can accurately describe complex mechanical processes, portraying path dependence in space and memory in time. At present, fractional order calculus has several defined forms according to different application areas. In this paper, based on the Riemann–Liouville type fractional order calculus operator theory, the fractional order calculus for a continuous function f(x) is defined as (Lai et al., 2016)
[image: image]
where the t is the time, t0 is the initial time, β is the fractional order, [image: image] is the fractional order integral of order β over (t0, t), Γ(n-β) is a Gamma function, which is defined as
[image: image]
The Riemann–Liouville type definition is applied only to the region of Re(β)>0 to ensure that the integral converges at t=0. When 0≤β<1, the Laplace transform of the Riemann–Liouville type fractional order calculus operator is expressed as
[image: image]
where the s is the transformation covariate, F(s) is the Laplace transform of f(t).
Abel viscous pot element, a viscoelastic element between Hooke’s elastic solid and Newtonian viscous body, is also known as a soft-body element. The principal equation of the soft-body element using Riemann–Liouville type fractional order calculus theory can be expressed as
[image: image]
where the σ(t) is the stress, ε(t) is the strain, η is the class viscosity coefficient.
When β=0, let η=E, E be the elastic modulus, then Eq. 4 describes a Hooke elastic solid. When β=1, let η=ζ, ζ be the viscous hysteresis coefficient, then Eq. 4 describes an ideal Newtonian viscous body. When 0<β<1, the components are described by a visco-elastic soft body.
In Eq. 4, if σ(t) is a constant, when the stress is constant, the element describes the creep phenomenon of the soft body. According to the definition of Riemann–Liouville type fractional order calculus, Laplace transform and Laplace inverse transform of Eq. 4, the creep equation of the soft body element can be obtained as
[image: image]
According to the creep equation of the soft element, the creep curve of the soft element can be depicted by taking the values of different orders under the condition of constant stress, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Creep curves of soft-matter element.
From Figure 3, it can be found that the strain increases slowly with increasing time when 0<β<1. As β increases, it exhibits enhanced creep properties, which describes exactly the nonlinear creep process of the material. When β>1, with the increase of time, the strain increases significantly, showing the accelerated creep properties of the material.
Viscoplastic Damage Body Based on Statistical Damage Variables
Since the traditional creep model can only describe the decay creep and stable creep stages of geotechnical body, it cannot describe its accelerated creep stage. Soil is a typical non-homogeneous material (Bai et al., 2020), and in the process of creep loading, it is in essence the process of internal fractures gradually expanding, linking through and forming macroscopic cracks destabilizing damage (Bai and Li 2013; Bai et al., 2019). Therefore, when studying the creep instantaneous equation of soil, it is necessary to consider the damage aging effect of soil in the creep process, and the creep damage aging effect, which will cause the viscosity coefficient of soil to change (Cai and Cao 2016). considered the failure damage of viscous coefficient and found that the viscous coefficient decays exponentially under the action of damage. Therefore, the non-constant Burgers model was established, which can better describe the accelerated creep phase of the soil (Ding et al., 2015). constructed the relationship between the number of acoustic emission events and loading time based on the Weibull distribution and obtained the evolutionary relationship of the damage variables. The Weibull probability distribution function, with characteristics such as easy integration, mean value greater than 0 and range of values greater than 0, satisfies the statistical characteristics of shear damage of geotechnical bodies. Therefore, in this paper, it is assumed that the damage of the soft element with class viscous coefficient, after the shear stress is higher than the long-term strength, follows the Weibull distribution about the creep time t. The probability density function of the Weibull distribution is that
[image: image]
where the k is the shape parameter reflecting the non-uniform degree of damage distribution in the micro-element body, λ is the scale parameter characterizing the internal damage of the soil body, t is the creep time.
Integration of Eq.6 yields the damage variable D as
[image: image]
Based on the damage variable D defined by the probability density function of the Weibull distribution, the damage degradation considering the viscous coefficient of the soft element class is obtained in the form that can be expressed as
[image: image]
where the η class viscosity coefficient, and the [image: image] is the class viscosity coefficient considering the damage deterioration.
In this paper, a viscoplastic damage body based on the damage variable D is proposed, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Viscoplastic damage element.
According to Figure 4, it can be seen that the damage effect of the soil has a threshold value, and the damage effect will occur only when a certain threshold value is reached. When the creep loading stress is lower than the damage threshold, the soil does not occur damage, at this time the class viscosity coefficient is a constant number. When the damage threshold is exceeded, the soil internal constant class viscosity coefficient will damage deterioration, the soil will also appear viscoelastic accelerated creep phase. According to the above analysis, and combined with the Eqs 5–8, the creep equation of viscoplastic damage body can be obtained as
[image: image]
where the β is the fractional order, [image: image] is the long-term strength value of the soil.
Establishment of Fractional-Order Damage Creep Model
As mentioned above, the creep deformation of microbially improved expansive soils contains a complex process in which multiple deformations such as elastic, viscoelastic and viscoplastic coexist. In order to accurately describe the whole process of nonlinear creep deformation of microbially improved expansive soil, the Hooke elastic solid, soft body element and viscoplastic damage body are combined into a fractional order creep damage model describing the whole process of creep deformation of microbially improved expansive soil by connecting them in series and parallel, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Fractional-order damage creep model.
For the fractional order damage creep model shown in Figure 5, the long-term strength is taken to be the initiating stress of the friction piece. When [image: image], the spring element and the flexible element form a viscoelastic body, which describes the attenuation creep of microbially modified expansive soils. When [image: image], the plastic element is closed and the combination forms a viscoelastic-plastic damage model, which can describe the steady-state creep and accelerated creep of the clay soil. Therefore, the model can describe the full creep process of transient deformation, attenuation creep, steady creep and accelerated creep of microbially improved expansive soil.
According to the series and parallel connection laws of the creep model, it is obtained that
[image: image]
where the [image: image] is the strain of the elastic element, whose intrinsic relationship is in accordance with Hooke’s law, [image: image] is the deformation of the flexible element, [image: image] is the deformation of the elasto-plastic damage body.
Substituting Eqs 5, 9 into Eq. 10, the creep equation of the fractional order damage creep model can be obtained as
[image: image]
INVERSION OF MODEL PARAMETERS AND THEIR VALIDATION
Based on the results of triaxial shear creep tests of microbially improved expansive soils, the parameters of the four-element fractional-order damage creep model were identified by inversion using the Levenberg-Marquardt optimization algorithm based on the least squares method. The obtained model parameters, as shown in Table 2.
TABLE 2 | Parameters of fractional-order damage creep model.
[image: Table 2]According to Eq. 10, the theoretical creep curve of microbially improved expansive soil can be obtained by substituting the relevant model parameters. The comparison of the theoretical creep curve obtained according to Eq. 11 with the experimental results is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Comparison between theoretical creep curve and tested results.
From Table 2, it can be found that although the microbially improved expansive soil specimens are somewhat discrete, leading to a less regularity in the variation of the parameters (e.g., class viscosity coefficient) obtained from the fit. However, the regularity of the variation of order β of the fractional order characterizing the nonlinear influence is more obvious. Also, the theoretical creep curves of the four-element fractional-order damage model and the experimental results are in good agreement as can be seen in Figure 6. Especially when [image: image], the correlation coefficients of the theoretical creep curves are all above 0.99. This indicates that the fractional-order viscoplastic damage body can well describe the steady-state creep and accelerated creep properties of soil samples under high stress levels. The study shows that the four-element fractional-order damage creep model, which can well describe the whole process of transient deformation, decay creep, steady-state creep and accelerated creep of microbially improved expansive soils, has good applicability.
In the research of creep model, Kelvin model and Burgers model are widely used (Jiashun et al., 2020). To verify the superiority of the fractional-order damage creep model in this paper, the integer-order Kelvin model, the fractional-order Burgers model and this paper’s model were also selected for comparative analysis, and the fitting effects of the three models could be quantitatively evaluated. The root mean squared error (RMSE), sum of squares due to error (SSE), correlation coefficient (R2), chi-squared coefficient and F-statistics were selected as evaluation indexes to obtain the evaluation results of different models, as shown in Table 3.
TABLE 3 | Evaluation results of different models.
[image: Table 3]From Table 3, it can be found that the RMSE, SSE and chi-square coefficients of the creep model evaluation results in this paper are smaller, and the values of R2 and F statistics are larger. It indicates that the fractional order damage creep model has better correlation with the test results. Therefore, the fractional-order damage creep model is verified to better reflect the whole process of shear creep of microbially improved expansive soils, and the model structure is simple and convenient for practical application.
CONCLUSION

1) The shear creep test of microbially improved expansive soil shows that when the deviatoric stress reaches a certain value, the creep curve shows three stages, such as decay creep, steady-state creep and accelerated creep.
2) The stress-strain isochronous curves show that the improved expansive soils have obvious nonlinear characteristics, and the degree of nonlinearity is related to creep time and stress level. The longer the creep time or the higher the stress level, the higher the degree of nonlinearity.
3) Based on fractional-order calculus and statistical damage theory, a fractional-order viscoplastic damage body is proposed by introducing the probability density function of Weibull distribution and considering the damage deterioration of soft body element class viscous coefficient. By combining Hooke’s spring, soft body element and viscoplastic damage body in series and parallel, a fractional-order damage creep model that can describe the shear creep evolution law of microbially improved expansive soil is established.
4) Compared with the Kelvin model of integer order and the Burgers model of fractional order, the model in this paper has better fitting accuracy, and the model structure is simple and easy to be applied in practice. It indicates that this model can better describe the shear creep properties of microbially improved expansive soils.
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