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Abstract

:

The creep characteristics of rocks are very important for assessing the long-term stability of rock engineering structures. Two loading methods are commonly used in creep tests: single-step loading and multi-step loading. The multi-step loading method avoids the discrete influence of rock specimens on creep deformation and is relatively time-efficient. It has been widely accepted by researchers in the area of creep testing. However, in the process of multi-step loading, later deformation is affected by earlier loading. This is a key problem in considering the effects of loading history. Therefore, we intend to analyze the deformation laws of rock under multi-step loading and propose a method to correct the disturbance of the preceding load. Based on multi-step loading creep tests, the memory effect of creep deformation caused by loading history is discussed in this paper. A time-affected correction method for the creep strains under multi-step loading is proposed. From this correction method, the creep deformation under single-step loading can be estimated by the super-position of creeps obtained by the dissolution of a multistep creep. We compare the time-affected correction method to the coordinate translation method without considering loading history. The results show that the former results are more consistent with the experimental results. The coordinate translation method produces a large error which should be avoided.
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1. Introduction


Time-dependent behavior is one of the most important properties of geomaterials, such as rock and soil. Creep is one important aspect of the time-dependent behavior of rocks, which is particularly relevant for cases where the applied load or stress is kept constant. In Figure 1, three cases are illustrated with respect to the complete stress-strain curve: creep, i.e., increasing strain when the stress is held constant; stress relaxation, i.e., decreasing stress when the strain is held constant; and a combination of both, when the rock unloads along a chosen unloading path (Aydan et al. [1]).



Creep properties of rocks occur both under natural conditions, in long-standing geological processes, and in the interaction of the rock with engineering installations, for example, when undertaking various types of excavation in rocks. For example, Figure 2 shows a significant time-dependent behavior observed in the tabular excavations of the South African gold mines.



Creep behavior is generally divided into primary, secondary (or steady-state), and tertiary (or accelerated), creep stages. Creep experiments are often used to determine the time-dependent strength and time-dependent parameters of rocks [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30]. Creep tests have been carried out on soft rocks such as soil or sand (Perzyna [5]; Lade and Liu [6]; Zhou et al. [7]), tuff (Akai et al. [8]; Okubo et al. [9,10]), argillaceous (Fabre and Pellet [11]), and sandstone (Boukharov et al. [12]), medium-hard rocks such as marble (Liu and Shao [13]), sandstone (Baud and Meredith [14]; Heap et al. [15]; Yang and Jiang [16]), and rock salt (Chan [17]; Yang et al. [18]; Hunsche and Hampel [19]; Slizowski and Lankof [20]; Berest et al. [21]), and hard rocks such as granite (Lomnitz [22]; Lockner and Byerlee [23]; Van der Molen and Paterson [24]; Ito et al. [25]; Masuda et al. [26,27]), diabase (Yang et al. [28,29]), and basalt (Heap et al. [30]).



Due to the limitations of experimental conditions, creep tests are usually performed for hours or days, some tests are carried out for a few months, and very few experiments can be carried out for several years [31,32,33,34,35,36]. Therefore, generally speaking, the creep time of the test in a laboratory is much lower than the very long creep time of in situ rock and soil. However, it is important to estimate the long-term deformation and strength behavior of in situ rock and soil based on the relatively short time of creep testing in the laboratory. Caution should be exercised in relation to laboratory creep tests, and we need to consider all the factors in order for the results of creep tests in the laboratory obtained in a relatively short time to accurately reflect the creep properties of real rock masses (Aydan et al. [1]).



One of the most commonly used methods for rock creep experiments is single-step loading on a single specimen, and several specimens are used to complete all the loading levels. The impact of the early loading history can be avoided by using this method. However, this method requires a series of rock specimens with the same properties. It is also worth noting that it is very difficult to avoid the impact of the heterogeneity of the material on creep test results (Yu et al. [37]). Another widely used method is the multi-step loading method. This method avoids the discrete influence of rock specimens on creep deformation, but the creep deformation in the current step includes the creep deformation that occurred in the previous loading steps. Therefore, in this paper, we intend to analyze the deformation laws of rock under multi-step loading and propose a method to correct the disturbance of the preceding load.



Some previous studies have investigated creep properties utilizing single-step loading creep tests (Yang et al. [38]). For example, Liu et al. [39] conducted triaxial creep tests on some clayey rock specimens using one-step deviatoric loading with the same hydrostatic stress to avoid the influence of loading path. In order to evaluate the creep stress threshold, six samples were tested in uniaxial creep tests with constant compression stresses of 40 MPa (43% σcd), 50 MPa (53.8% σcd), 60 MPa (64.5% σcd), 70 MPa (75.3% σcd), 80 MPa (86.0% σcd) and 90 MPa (96.8% σcd), respectively, according to conventional uniaxial compression testing (Tang et al. [40]). Cao et al. [41] performed a series of uniaxial compression creep tests using increment-step loading and single-step loading to study the creep characteristics of typical soft rock in the Jinchuan No. 2 Mine in the north-west of China.



Several methods have been proposed to deal with the problem of multi-step loading creep test data (Tan et al. [42]; Xia et al. [43]; Kolařík et al. [44]). Two methods are commonly used: the coordinate translation method, and the correction method based on the Boltzmann linear super-position principle. The coordinate translation method involves moving the creep curves at each loading step to the initial loading time of the creep test. It is very easy to use the coordinate translation method, but this method ignores the impact of pre-loading on the deformation of the next step loading (Mishra et al. [45]; Wang et al. [46]; Wang et al. [47]; Wang et al. [48]; Zhang et al. [49]; Zhang et al. [50]).



The Boltzmann super-position principle (BSP) was first used for standard linear solids. The BSP applies to linear creep states such that the response of a material to a given load is independent of the responses of the material to any load already acting on the material. Therefore, each loading step makes an independent contribution to the final strain, so that the total strain is obtained by the addition of all the contributions. In other words, the BSP states that the effect of a compound cause is the sum of the effects of the individual causes (Lakes [51]; Kolařík et al. [44]).



Tan et al.’s loading method (Tan et al. [42]; Sun [52]; Li et al. [53]) is a mapping method based on the Boltzmann linear superposition principle, which is widely used in the revision of multi-step loading creep curves. The basic principle of Tan et al.’s method is that the rheological medium has a memory effect on the loading history. It is possible to estimate the creep curves of several specimens under different single-step loading by one multi-step creep test under several loading steps. This method, using specific experimental procedures and a graph method, established the creep deformation super-position law, which is effective regardless of whether the time-effect is linear or non-linear. However, this method requires: (1) ensuring that the creep curve reaches the secondary creep stage (that is, the creep rate is constant) before the next loading step; (2) the creep time of each loading step should be the same; (3) the loads of every creep step should be equal.



In summary, different creep loading methods have direct impacts on the test results. Many geotechnical materials have significant rheological and memory-effect properties, and for multi-step loading creep testing, the loading history needs to be considered in order to better understand the creep results. Due to the limitations of the test conditions, in most cases, the loading increment at each step is not equal and the loading time is not exactly the same. In this paper, we propose an estimation method to deal with the loading history effect in multi-step loading creep tests.




2. Coordinate Translation Method


For creep testing under multi-step loading, the coordinate translation method requires the following step: move the creep strain curve    ε i   . of loading step i to time t = 0, which is the starting time when we applied the first load. Then    ε i    is considered to be the single-step loading creep strain by the load     ∑  k = 1  i   Δ  σ k     . Figure 3 and Figure 4 show the coordinate translation method.



Figure 3 shows the loading history in a creep test.   Δ  σ 1    is applied on a specimen at time t = 0 and is kept constant, and    σ 2  = Δ  σ 1  + Δ  σ 2   . is applied on this specimen at time t = t1 and is kept constant. Then    σ 3  = Δ  σ 1  + Δ  σ 2  + Δ  σ 3    is applied on this specimen at time t = t2 and is kept constant until time t3.



Figure 4 presents the data analysis of creep deformation by the coordinate translation method. The red triangular line in Figure 4 is the multi-step loading creep curve. The orange diamond line is obtained by moving the second step of red triangular line to time t = 0, which is considered to be the creep strain under single-step load    σ 2  = Δ  σ 1  + Δ  σ 2   . The crossed green line is obtained by moving the third step of red triangular line to time t = 0, which is considered to be the creep strain under single-step load    σ 3  = Δ  σ 1  + Δ  σ 2  + Δ  σ 3   .




3. Data Analysis of Creep Deformation Considering Loading History


The multi-step loading method is easy to operate and is relatively time-efficient, and has been widely accepted by researchers in the area of creep testing. Tan et al. [42] proposed a method to solve creep data considering the loading history effect (Tan et al. [42]; Sun [52]). This method assumes that the creep material has a memory effect on the loading history. The creep deformation due to a loading of    σ n  =   ∑  i = 1  n   Δ  σ i      in a single step is assumed to be the super-position of the individual creeps obtained by multi-step loading with an increment of ∆σi. This method establishes a super-position relationship for the deformation process, but has several requirements: (1) the next load should be applied after the previous creep stage becomes the steady-state stage; (2) the time interval for every creep stage should be equal; (3) the loads of every creep step should be equal.



However, because of the limited test conditions during creep testing, loading increments are difficult to maintain equal, and it is also difficult to set the loading creep time to be exactly the same. Therefore, we have modified the above procedure as follows:




	(1)

	
Ensure that creep is in the steady-state creep stage (the creep rate becomes zero or a positive constant).




	(2)

	
Obtain the incremental creep deformation ∆εi under each loading increment ∆σi The loading increment ∆σi does not necessarily have to be the same for every loading stage.




	(3)

	
The creep deformation under loading   σ =   ∑  i = 1  n   Δ  σ i      applied to the specimen in one step can be obtained by superimposing the incremental creep deformation in every step.




	(4)

	
If the creep loading time ∆ti is not the same for every step, we extend the deformation trend by using the creep rate at the end of the shorter stage to make each creep time equal for every loading step.









The mathematical basis of the method is discussed below. Figure 5 shows the history of the creep deformation. The loading process in Figure 5 is described using the following formula.


  σ ( t ) = Δ  σ 1  ⋅ θ ( t −  t 1  ) + Δ  σ 2  ⋅ θ ( t −  t 2  ) + ⋯ + Δ  σ i  ⋅ θ ( t −  t i  ) + ⋯ + Δ  σ n  ⋅ θ ( t −  t n  )  



(1)




where, the θ(t − ti) function is defined as: if t − ti ≥ 0, θ(t − ti) = 1; and if t − ti < 0, θ(t − ti) = 0; for simplicity, θ(t − ti) = θi.



Based on the Boltzmann superposition, the creep equation can be then expressed as,


  ε ( t ) =   σ ( t )  E  +    ∫  − ∞  t   σ ( τ )   ∂ J ( t − τ )   ∂ τ      d τ =   σ ( t )  E  +    ∫  − ∞  t   σ ( τ ) K ( t − τ )    d τ  



(2)




where J(t − τ) is the creep compliance, K(t − τ) is the creep kernel function, which are determined by the creep properties of the material.



Substituting Equation (1) into Equation (2), we obtain


    ε ( t ) =   Δ  σ 1  ⋅  θ 1  + Δ  σ 2  ⋅  θ 2  + ⋯ + Δ  σ i  ⋅  θ i  + ⋯ + Δ  σ n  ⋅  θ n   E      +    ∫ 0 t   ( Δ  σ 1  ⋅  θ 1  + Δ  σ 2  ⋅  θ 2  + ⋯ + Δ  σ i  ⋅  θ i  + ⋯ + Δ  σ n  ⋅  θ n  ) K ( t − τ )    d τ    



(3)







If the testing time reaches t ≥ tn, Equation (3) can be rewritten as


    ε ( t ) =   Δ  σ 1  + Δ  σ 2  + ⋯ + Δ  σ i  + ⋯ + Δ  σ n   E  +    ∫   t 1   t   Δ  σ 1  ⋅ K ( t − τ )    d τ     +    ∫   t 2   t   Δ  σ 2  ⋅ K ( t − τ )    d τ + ⋯ +    ∫   t i   t   Δ  σ i  ⋅ K ( t − τ )    d τ + ⋯ +    ∫   t n   t   Δ  σ n  ⋅ K ( t − τ )    d τ    



(4)







Equation (4) shows that under the loading function specified in Equation (1), the total deformation of the material at time t is equal to the sum of the elastic deformation of every stage plus the sum of the creep incremental deformation of every step.



If the creep times for every step are equal, then


   t 2  −  t 1  =  t 3  −  t 2  = ⋯ =  t n  −  t  n − 1   = Δ t  



(5)







Given that σ is denoted by   σ =   ∑  i = 1  n   Δ  σ i     , Equation (4) then can be expressed as


    ε ( t ) =   Δ  σ 1  + Δ  σ 2  + ⋯ + Δ  σ i  + ⋯ + Δ  σ n   E  +    ∫ 0  Δ t    Δ  σ 1  ⋅ K ( t − τ )    d τ     +    ∫ 0  Δ t    Δ  σ 2  ⋅ K ( t − τ )    d τ + ⋯ +    ∫ 0  Δ t    Δ  σ i  ⋅ K ( t − τ )    d τ + ⋯ +    ∫ 0  Δ t    Δ  σ n  ⋅ K ( t − τ )    d τ     =  σ E  + σ ⋅    ∫ 0  Δ t    K ( t − τ ) d τ       



(6)







Equation (6) is the creep equation at time ∆t when the loading   σ =   ∑  i = 1  n   Δ  σ i      is applied only in single step.



Figure 5 shows the strain super-position process for three steps. The loading history in this creep test is shown in Figure 3. The red triangular line is the creep curve under three-step load. The green square line is the creep curve under the first step load, and we extend the first creep curve with the same strain rate to time t3, which means the first stress state   Δ  σ 1    continues to play a role of creep after time t1. Therefore, the new creep strain induced by   Δ  σ 2    is the area covered by dotted lines under the second step creep curve of the red triangular line. The blue diamond line is obtained by adding this increased extra strain by the effect of   Δ  σ 2    to the green square line which is produced by   Δ  σ 1   . The blue diamond line represents the creep strain under the single-stage load of   Δ  σ 1  + Δ  σ 2   .



Similarly, the black crossed line is obtained by super-position of strains in the three loading steps. The blue diamond line represents the creep strain under single-step loading of   Δ  σ 1  + Δ  σ 2  + Δ  σ 3   .




4. Creep Strain Expression Considering Time Effect for Several Creep Models


Seven rheological models are listed in Table 1, which shows the constitutive equation and creep equation; their creep properties are shown in Table 2.



Of these models, the H-K model, Burgers model and the Nishihara model are used most often. The H-K model can be used to describe stable creep for hard rock under a low load. Burgers’ model can be used to describe steady-state creep, which is an unstable creep for weak rock. The Nishihara model could be used to describe both stable and unstable creep, depending on whether the load is lower or higher than the long-term strength of the rock.



Next, we take these three creep models as examples to analyze the time effect on creep deformation under multi-step loading.



In the following derivation process, we assume that the total creep strain equals the sum of elastic strain, primary creep strain, secondary creep strain and tertiary creep strain. A diagram of the typical deformation behavior of rock under long-term constant load is presented in Figure 6. If a stress state σ is applied on the rock that is lower than the stress state defined by a short-term yield condition, then instantaneous elastic deformation εel is induced as the first response of the material on the stress change, as presented in the diagram in Figure 6. As time passes, deformations develop without any change of the established stress state, which represents a time-dependent deformation, which is creep itself.



Creep strains, when the stress state is below the yield condition (σ0 < σF, Figure 6), are characterized by the components of the primary and secondary creep. When the stress level reaches the yield stress surface (σ0 ≥ σF, Figure 6), creep strain, in addition to the primary and secondary components, gains the tertiary component, which, after a long time, leads to the failure of the material.



4.1. H-K Model


Figure 7 shows the illustration of creep strain expression considering time effect for the H-K model.



For single-step loading, if load σ1 is applied to a rock specimen at time 0, the creep strain of the H-K model can be expressed as:


   ε   σ 1    (  t 1  < t ≤  t 2  ) =  ε   σ 1    ( t ≤  t 1  ) =    σ 1     E 1    +    σ 1     E 2    ( 1 −  e  −    E 2     η 1    t   )  



(7)







For single-step loading, if the load σ2 is applied to a rock specimen at time 0, the creep strain of the H-K model can be expressed as:


   ε   σ 2    (  t 1  < t ≤  t 2  ) =  ε   σ 2    ( t ≤  t 1  ) =    σ 2     E 1    +    σ 2     E 2    ( 1 −  e  −    E 2     η 1    t   ) =   Δ  σ 1  + Δ  σ 2     E 1    +   Δ  σ 1  + Δ  σ 2     E 2    ( 1 −  e  −    E 2     η 1    t   )  



(8)







For multi-step loading, if load σ1 is applied to a rock specimen at time 0, and load σ2 (   σ 2  = Δ  σ 1  + Δ  σ 2   ) is applied to a rock specimen at time t1, the creep strain of the H-K model during time t1–t2 can be expressed as:


   ε  Δ  σ 1  + Δ  σ 2    (  t 1  < t ≤  t 2  ) =   Δ  σ 1     E 1    +   Δ  σ 1     E 2    ( 1 −  e  −    E 2     η 1    t   ) +   Δ  σ 2     E 1    +   Δ  σ 2     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )   



(9)







To illustrate the time effect based on the loading history, we compared the results for creep strains for single-step loading and multi-step loading. Figure 8 shows the comparison of creep strains between single-step loading and multi-step loading for the H-K model. Table 3 lists the parameters for the H-K model.



Figure 8 shows that the stable creep strains at time 20 days are the same for single-step loading and multi-step loading for the H-K model. However, the transient creep curve under multi-step loading differs from that for single-step loading, which is affected by the time effect. The loading history of the previous loads influences creep deformation under subsequent loads.




4.2. Burgers Model


Figure 9 shows the illustration of creep strain expression considering time effect for the Burgers model.



For single-step loading, if the load σ1 is applied to a rock specimen at time 0, the creep strain of the Burgers model can be expressed as:


   ε   σ 1    (  t 1  < t ≤  t 2  ) =  ε   σ 1    ( t ≤  t 1  ) =    σ 1     E 1    +    σ 1     E 2    ( 1 −  e  −    E 2     η 1    t   ) +    σ 1     η 2    t  



(10)







For single-step loading, if the load σ2 is applied to a rock specimen at time 0, the creep strain of the Burgers model can be expressed as:


     ε   σ 2    (  t 1  < t ≤  t 2  ) =  ε   σ 2    ( t ≤  t 1  ) =    σ 2     E 1    +    σ 2     E 2    ( 1 −  e  −    E 2     η 1    t   ) +    σ 2     η 2    t     =   Δ  σ 1  + Δ  σ 2     E 1    +   Δ  σ 1  + Δ  σ 2     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )  +   Δ  σ 1  + Δ  σ 2     η 2    t    



(11)







For multi-step loading, if load σ1 is applied to a rock specimen at time 0, and load σ2 (   σ 2  = Δ  σ 1  + Δ  σ 2   ) is applied to a rock specimen at time t1, the creep strain of the Burgers model at time t1–t2 can be expressed as:


     ε  Δ  σ 1  + Δ  σ 2    (  t 1  < t ≤  t 2  ) =   Δ  σ 1     E 1    +   Δ  σ 1     E 2    ( 1 −  e  −    E 2     η 1    t   ) +   Δ  σ 1     η 2    t     +   Δ  σ 2     E 1    +   Δ  σ 2     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )  +   Δ  σ 2     η 2    ( t −  t 1  )    



(12)







We also compared the creep strains between single-step loading and multi-step loading results. Figure 10 shows the comparison of creep strains for single-step loading and multi-step loading for the Burgers model. Table 4 lists the parameters for Burgers model.



The curves in Figure 10 show the comparison of creep strains between single-step loading and multi-step loading for the Burgers model. Load σ1 is applied to a rock specimen at time 0, and load σ2 (   σ 2  = Δ  σ 1  + Δ  σ 2   ) is applied to a rock specimen at time 10 days. The green crossed line is obtained by moving the second stage creep curve from 10 days to 0. The black circle line is the creep strain curve under single-step loading σ2 applied at time 0. The values of the black circle curve are lower than those of the green crossed curve, which indicates that the loading history of the previous loads influences creep deformation under subsequent loads.




4.3. Nishihara Model


The Nishihara model is a combination of five basic units (Figure 11), which can also be viewed as a series of H-K models and Bingham models. The first part of this model is an elastic element, mainly reflecting an instantaneous deformation. The second part is a visco-elastic element reflecting primary creep. The third part is a visco-plastic component reflecting unsteady creep deformation. The Nishihara model has five rheological parameters: E1, E2, η1, η2 and τs, respectively. E1 is the instantaneous elastic modulus, E2 is the visco-elastic modulus, η1, η2 are the viscosity coefficients, and τs is the long-term strength of the rock.



Figure 12 shows the illustration of creep strain expression considering time effect for the Nishihara model.





       ε =    σ 0     E 1    +    σ 0     E 2    ( 1 −  e  −    E 2     η 1    t   )      σ 0  <  σ s        ε =    σ 0     E 1    +    σ 0     E 2    ( 1 −  e  −    E 2     η 1    t   ) +    σ 0  −  σ s     η 2    t      σ 0  ≥  σ s        



(13)







For single-step loading, if the load σ1 is applied to a rock specimen at time 0, the creep strain of the Nishihara model can be expressed as


   ε   σ 1    (  t 1  < t ≤  t 2  ) =  ε   σ 1    ( t ≤  t 1  ) =    σ 1     E 1    +    σ 1     E 2    ( 1 −  e  −    E 2     η 1    t   ) +    σ 1     η 2    t  



(14)







For single-step loading, if the load σ2 is applied to a rock specimen at time 0, the creep strain of the Nishihara model can be expressed as


     ε   σ 2    (  t 1  < t ≤  t 2  ) =  ε   σ 2    ( t ≤  t 1  ) =    σ 2     E 1    +    σ 2     E 2    ( 1 −  e  −    E 2     η 1    t   ) +    σ 2  −  σ s     η 2    t     =   Δ  σ 1  + Δ  σ 2     E 1    +   Δ  σ 1  + Δ  σ 2     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )  +   Δ  σ 1  + Δ  σ 2  −  σ s     η 2    t    



(15)







For multi-step loading, if load σ1 is applied to a rock specimen at time 0, and load σ2 (   σ 2  = Δ  σ 1  + Δ  σ 2   ) is applied to a rock specimen at time t1, the creep strain of the Nishihara model during time t1–t2 can be expressed as


         ε  Δ  σ 1  + Δ  σ 2    (  t 1  < t ≤  t 2  ) =   Δ  σ 1     E 1    +   Δ  σ 1     E 2    ( 1 −  e  −    E 2     η 1    t   ) +   Δ  σ 1  −  σ s     η 2    t     +   Δ  σ 2     E 1    +   Δ  σ 2     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )  +   Δ  σ 2     η 2    ( t −  t 1  )       Δ  σ 1  ≥  σ s           ε  Δ  σ 1  + Δ  σ 2    (  t 1  < t ≤  t 2  ) =   Δ  σ 1     E 1    +   Δ  σ 1     E 2    ( 1 −  e  −    E 2     η 1    t   )     +   Δ  σ 2     E 1    +   Δ  σ 2     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )  +   Δ  σ 1  + Δ  σ 2  −  σ s     η 2    ( t −  t 1  )       Δ  σ 1  <  σ s  ≤ Δ  σ 1  + Δ  σ 2       



(16)







For multi-step loading, if the load σ1 is applied to a rock specimen at time 0, load σ2 (   σ 2  = Δ  σ 1  + Δ  σ 2   ) is applied to a rock specimen at time t1, and load σ3 (   σ 3  = Δ  σ 1  + Δ  σ 2  + Δ  σ 3   ) is applied to a rock specimen at time t2, the creep strain of the Nishihara model during time t > t2 can be expressed as:


         ε  Δ  σ 1  + Δ  σ 2  + Δ  σ 3    ( t >  t 2  ) =   Δ  σ 1     E 1    +   Δ  σ 1     E 2    ( 1 −  e  −    E 2     η 1    t   ) +   Δ  σ 1  −  σ s     η 2    t     +   Δ  σ 2     E 1    +   Δ  σ 2     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )  +   Δ  σ 2     η 2    ( t −  t 1  )     +   Δ  σ 3     E 1    +   Δ  σ 3     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )  +   Δ  σ 3     η 2    ( t −  t 2  )       Δ  σ 1  ≥  σ s           ε  Δ  σ 1  + Δ  σ 2  + Δ  σ 3    ( t >  t 2  ) =   Δ  σ 1     E 1    +   Δ  σ 1     E 2    ( 1 −  e  −    E 2     η 1    t   )     +   Δ  σ 2     E 1    +   Δ  σ 2     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )  +   Δ  σ 1  + Δ  σ 2  −  σ s     η 2    ( t −  t 1  )     +   Δ  σ 3     E 1    +   Δ  σ 3     E 2     (  1 −  e  −    E 2     η 1    ( t −  t 1  )    )  +   Δ  σ 3     η 2    ( t −  t 2  )       Δ  σ 1  <  σ s  ≤ Δ  σ 1  + Δ  σ 2       



(17)







We also compared the creep strain results for single-step loading and multi-step loading. Figure 13 shows the comparison of creep strains between single-step loading and multi-step loading for the Nishihara model. Table 5 lists the parameters for the Nishihara model.



The red triangular line in Figure 13 is the multi-step creep strain curve for the Nishihara model. Load σ1 is applied to the rock specimen at time 0, load σ2 (   σ 2  = Δ  σ 1  + Δ  σ 2   ) is applied to a rock specimen at time 10 days, and load σ3 (   σ 3  = Δ  σ 1  + Δ  σ 2  + Δ  σ 3   ) is applied to a rock specimen at time 20 days. The orange diamond line is obtained by move the second step creep curve from time 10 days to time 0. The blue circle line is the creep strain curve under single-step loading σ2 applied at time 0. The green crossed line is obtained by moving the third-stage creep curve from time 20 days to time 0. The black plus line is the creep strain curve under single-step loading σ3 applied at time 0.



The values of the curve under single-step loading are lower than the values of the coordinate translation method, which also indicates that the loading history of previous loads influences creep deformation under subsequent loads.





5. Analysis of Creep Test Data


Rock samples were obtained from underground gas storage somewhere in China in planned construction. After analyzing the in situ core, multi-level creep loading experiments on anhydrite rock salt were conducted (Zhang et al. [49]). Figure 14 shows a tri-axial creep curve of anhydrite rock salt.



Multi-step tri-axial creep tests on anhydrite rock salt specimens were performed with confining pressure of 10 MPa. Axial stresses were applied in four-level loading of σ1 = 33.95 MPa, σ2 = 39.96 MPa, σ3 = 46.20 MPa, σ4 = 52.15 MPa, respectively. (For further details of the creep tests, refer to Zhang et al. [49]).



Figure 15 shows the creep strain decomposition of the specimen under multi-step loading.



Our procedure requires the following steps: (i) if the creep times of each loading stage are different, we extend the creep curves to the longest creep interval time, keeping the creep rate unchanged; (ii) the dissolution (decomposition) of the total creep strain into the strains produced by individual creeps; (iii) a point-by-point calculation of internal strains for the individual creeps, which is necessary for comparative plots and their super-position; (iv) super-position of creep curves produced by each incremental load.



Figure 16 shows estimated creep strains under single-step loading of anhydrite rock salt. The proposed super-position procedure is shown to be viable for all the types of rocks studied as well as for various loading sequences and time intervals.



The tri-axial creep curves of anhydrite rock salt under multi-step loading are shown in Figure 14. Since the creep did not reach the accelerated creep deformation stage under the experimental stress condition, only the primary and secondary creep stages are taken into consideration. At the first stress level, the curve shows gradually stabilized deformation behavior with time, and the creep rate remains steady and strain grows linearly with time after the second stress level. The Nishihara model is adopted. In conventional tri-axial creep tests σ2 = σ3, and the tri-axial creep equation of the Nishihara model can be deduced as follows in the light of Zhang et al. [49]:


  ε ( t ) =    σ 1  + 2  σ 3    9 K   +    σ 1  −  σ 3   3   (   1   G 0    +  1   G 1    ( 1 −  e  −    G 1     η 1    t   )  )  +    σ 1  −  σ 3  −  σ s   3   1   η 2    t  



(18)




where K is bulk modulus, G0 is the instantaneous shear modulus, G1 is the visco-elastic shear modulus, η1, η2 are the viscosity coefficients, and σs is long-term strength.



To validate the time-affected correction method proposed in this paper, we calibrated the creep parameters based on the experimental curves under single-step loading, and we used the same creep parameters to estimate the creep curves under multi-step loading.



We also present another two examples to validate the time-affected correction method (Figure 17 and Figure 18, (b) Glauberite rock salt (c) Argillaceous rock salt, Zhang et al. [49]). Table 6 shows the creep parameters of rocks. Figure 17 shows a comparison of the Nishihara model and the experimental curves under single-step loading. Figure 18 shows a comparison of the Nishihara model and the experimental curves under multi-step loading. Figure 18 indicates that the calculated results presented compare favorably with the experimental results, which validates the time-affected correction procedure. Therefore, we should use time-affected correction method to analyze the creep strains of rocks under multi-level loading instead of the coordinate translation method, because the former one minimizes the error of multi-level creep strains during the data analysis processing.




6. Conclusions


Multi-step loading creep tests are usually conducted to explore the long-term properties of rock. However, the time effect of loading history is often ignored. In this paper, the memory effect of creep deformation caused by loading history is discussed. The following conclusions can be drawn from this study:




	
The multi-step loading method is more efficient than single-step loading method for creep test. We could estimate the creep strain under single-step loading from the results of multi-step loading creep test unless we consider the loading history. The creep deformation under single-step loading can be estimated by the super-position of creeps obtained by the dissolution of a multi-step creep. The proposed time-affected correction method is effective for all types of rock and for various loading sequences and time intervals.



	
A mathematical creep strain equation considering the loading history effect is proposed, which is the mathematical explanation of this correction method.



	
By comparing the time-affected correction method with the coordinate translation method, the results showed that the former results are more consistent with the experimental results. Because the coordinate translation method ignores the influence of loading history which produces a large error.
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Figure 1. Possible stress-strain paths during testing for the time-dependent characteristics of rocks (from Hagros et al. [2]). 
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Figure 2. Adverse haulage conditions at Hartebeestfontein Gold Mine in South Africa caused by slow time-dependent deformation processes in the rock (from Malan [3,4]). 
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Figure 3. Loading history in creep test. 
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Figure 4. Data analysis of creep deformation by coordinate translation method. 
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Figure 5. Illustration of multi-step loading method. Plot shows strain super-position process for three stages. 
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Figure 6. Primary, secondary and tertiary creep in uniaxial test (after Tomanovic [54]). 
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Figure 7. Illustration of creep strain expression considering time effect for the H-K model. 
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Figure 8. Comparison of creep strains between single-step loading and multi-step loading for H-K model. 
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Figure 9. Illustration of creep strain expression considering time effect for the Burgers model. 
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Figure 10. Comparison of creep strains between single-step loading and multi-step loading for the Burgers model. 
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Figure 11. Illustration of the Nishihara creep model. 
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Figure 12. Illustration of creep strain expression considering time effect for the Nishihara model. 
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Figure 13. Comparison of creep strains between single-step loading and multi-step loading for Nishihara model. 
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Figure 14. Tri-axial creep curves of anhydrite rock salt (after Zhang et al. [49]). 






Figure 14. Tri-axial creep curves of anhydrite rock salt (after Zhang et al. [49]).



[image: Energies 11 01462 g014]







[image: Energies 11 01462 g015 550] 





Figure 15. Creep strain decomposition of specimen under multi-step loading. 
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Figure 16. Estimated creep strains under single-step loading of anhydrite rock salt. 
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Figure 17. Comparison of the Nishihara model and experimental curves under single-step loading. (a) Anhydrite rock salt; (b) Glauberite rock salt; (c) Argillaceous rock salt. 
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Figure 18. Comparison of the Nishihara model and experimental curves under multi-step loading. (a) Anhydrite rock salt; (b) Glauberite rock salt; (c) Argillaceous rock salt. 
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Table 1. Constitutive equations and creep equations for seven rheological models.
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	Rheological Model
	Constitutive Equation
	Creep Equation





	Maxwell
	    ε ˙  =   σ ˙  E  +  σ η    
	   ε =    σ 0   E   (  1 +  E η  t  )    



	Kelvin
	   σ = E ε + η  ε ˙    
	   ε =    σ 0   E   (  1 −  e  −  E η  t    )    



	H-K
	   σ +  η   E 1  +  E 2     σ ˙  =    E 1   E 2     E 1  +  E 2    ε +   η  E 1     E 1  +  E 2     ε ˙    
	   ε =    σ 0     E 1    +    σ 0     E 2     (  1 −  e  −    E 2   η  t    )    



	H|M
	   σ +  η   E 2     σ ˙  =  E 1  ε +    E 1  +  E 2     E 2    η  ε ˙    
	   ε =    σ 0     E 1     (  1 −    E 2     E 1  +  E 2     e  −    E 1   E 2    (  E 1  +  E 2  ) η   t    )    



	Burgers
	   σ +  (     η 2     E 1    +    η 1  +  η 2     E 2     )   σ ˙  +    η 1   η 2     E 1   E 2     σ ¨  =  η 2   ε ˙  +    η 1   η 2     E 2     ε ¨    
	   ε =    σ 0     E 1    +    σ 0     E 1     (  1 −  e  −    E 1     η 1    t    )  +    σ 0     η 2    t   



	Bingham
	       σ = E ε     σ <  σ s        σ +  η E   σ ˙  =  σ s  + η  ε ˙      σ ≥  σ s        
	       ε =    σ 0   E      σ <  σ s        ε =    σ 0   E  +   σ −  σ s   η  t     σ ≥  σ s        



	Nishihara
	            η 1     E 1     σ ˙  +  (  1 +    E 2     E 1     )  σ =  η 1   ε ˙  +  E 2  ε     σ <  σ s           σ ¨  +  (     E 2     η 1    +    E 2     η 2    +    E 1     η 1     )   σ ˙  +    E 1   E 2     η 1   η 2     (  σ −  σ s   )      =  E 2   ε ¨  +    E 1   E 2     η 1     ε ˙        σ ≥  σ s        
	       ε =    σ 0     E 1    +    σ 0     E 2     (  1 −  e  −    E 2     η 1    t    )      σ <  σ s        ε =    σ 0     E 1    +    σ 0     E 2     (  1 −  e  −    E 2     η 1    t    )  +   σ −  σ s     η 2    t     σ ≥  σ s        










[image: Table] 





Table 2. Creep properties described by different rheological models.
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	Rheological Properties
	Creep
	Transient Deformation
	Relaxation
	Elastic After-Effect
	Viscous Flow
	Deformation Limit





	Maxwell
	YES
	YES
	YES
	NO
	YES
	NO



	Kelvin
	YES
	NO
	NO
	YES
	NO
	YES



	H-K
	YES
	YES
	YES
	YES
	NO
	YES



	H|M
	YES
	YES
	YES
	YES
	NO
	YES



	Burgers
	YES
	YES
	YES
	YES
	YES
	NO



	Bingham
	YES
	YES
	YES
	NO
	YES
	NO



	Nishihara
	YES
	YES
	YES
	YES
	YES
	NO
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Table 3. Parameters of the H-K model.
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	σ0 (MPa)
	E1 (MPa)
	E2 (MPa)
	η1 (MPa·d)
	η2 (MPa·d)





	σ1
	10.0
	10.0
	20.0
	20.0
	-



	σ2
	15.0
	10.0
	20.0
	20.0
	-
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Table 4. Parameters of the Burgers model.
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	σ0 (MPa)
	E1 (MPa)
	E2 (MPa)
	η1 (MPa·d)
	η2 (MPa·d)





	σ1
	10.0
	10.0
	20.0
	20.0
	200.0



	σ2
	30.0
	10.0
	20.0
	20.0
	200.0
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Table 5. Parameters of Nishihara model.
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	σ0 (MPa)
	E1 (MPa)
	E2 (MPa)
	η1 (MPa·d)
	η2 (MPa·d)
	σs (MPa)





	σ1
	10.0
	10.0
	10.0
	20.0
	50.0
	15.0



	σ2
	30.0
	10.0
	10.0
	20.0
	50.0
	15.0



	σ3
	60.0
	10.0
	10.0
	20.0
	50.0
	15.0










[image: Table] 





Table 6. Creep parameters of rocks.






Table 6. Creep parameters of rocks.





	Rock Type
	G0 (GPa)
	G1 (GPa)
	η1 (GPa·h)
	η2 (GPa·h)
	K (GPa)
	τs (MPa)





	Anhydrite rock salt
	3.5
	3.0
	25.5
	52.1
	7.6
	27.0



	Glauberite rock salt
	0.94
	4.2
	5.6
	76.3
	2.0
	15.1



	Argillaceous rock salt
	2.1
	10.9
	42.6
	1003.5
	4.6
	4.1











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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