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Abstract

:

Numerous researchers of soil creep behavior adopt stepwise loading (SL) rather than respective loading (RL) to perform the triaxial creep tests. However, a complete continuous strain–time curve of SL needs to be converted into assumed curve clusters supposing obtained under RL before the deformation data are used to develop creep constitutive models. Classical methods realize the conversion mainly by focusing on the creep deformation parts and classifying them into linear and nonlinear compositions. Mostly, the linear parts are simply superposed while the nonlinear parts are complex to consider and so are neglected. Moreover, classical methods are not sufficiently valid to eliminate the stress history effect on the conversion. Here, a new method is proposed to achieve the conversion without neglecting the stress history effect. The method rebuilds the triaxial creep test mathematically and physically, adhering to the revising of energy. The method treats the tested deformation in its entirety, instead of distinguishing it into elastic, visco-elastic, plastic and creep (linear and nonlinear) deformation to convert respectively. The comparison among actual measured SL and RL strain–time curves and the curves converted by the new method proves the stress history effect should not be neglected. The higher the vertical load level, the larger the discrepancy between the RL and SL strain–time curve, and the disparity becomes larger with time. The new method highlights the necessity of considering the stress history effect in analysis and design for higher accuracy. The comparisons illustrate the conversion method at least produces more satisfactory results for clayey soil. Primarily examined, at the later stages of loading, the disparity in strain between the converted RL and measured RL decreases by 52.5%~53.5% compared with strain between the measured SL and measured RL.
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1. Introduction


Time-dependent stress–strain behavior is a basic research theme of geotechnical engineering. To obtain realistic solutions for time-dependent engineering problems, it is essential to use a constitutive model that accounts for the time dependency of the stress–strain–strength properties of soils. The research on soil creep behavior and properties is a significant branch of soil rheology research. So far, considerable creep constitutive models have been developed from laboratory tests and then adopted in numerical simulation and practical engineering [1]. Therefore, laboratory tests potentially affect the constitutive models.



1.1. Loading Mode


In laboratory triaxial rheological tests, there are two modes to exert the vertical axial stress loads    (   σ 1  −  σ 3   )   : respective loading (RL) and stepwise loading (SL).



SL is exerting a series of loads in turn to only one soil specimen, with each load level sustained until the specimen is deformed extremely slowly towards a relatively steady state. SL produces the stress–strain–time data from a single specimen that experienced a series of loads.



RL is exerting certain constant axial loads to soil specimens one to one. Tests in this loading mode measure and record the strain–time behavior of soil specimens accurately from an initial unpressed state to its failure or unacceptable deformation state.



Usually, RL is considered closer to the concept of research on soil mechanical behavior over time with constant stress load, while in building engineering, the fact is that the total load is not exerted on the soil at one time but gradually, which is coordinated with SL. Even if soil creep behavior is considered from the moment that a building is put into service, there still exists a stress history effect because the soil withstanding forces from the upper building has already been pressed to be dense. Furthermore, if there are not enough rheometers to carry out several tests simultaneously, RL will be time-consuming [2]. Analyzing the data obtained from RL is affected by soil specimens being discrete in physical properties as well as loading conditions (environmental vibrations, temperature, etc.) being slightly different. Therefore, SL has been chosen for numerous creep research studies of soil and rock for a long time up to now [3,4,5,6,7,8,9,10,11,12,13,14].




1.2. Strain–Time Curves and Creep Curves


Here, firstly, the ‘strain–time curve’ is distinguished from the ‘creep curve’. The former contains all the total strain–time points recorded from the moment that the stress load reaches the preset value. The ‘strain’ is composed of elastic, visco-elastic, plastic, and creep strain, while only the latter contains the creep strain–time part. Nowadays, whether the effective stress of the soil specimen is stable is used to judge whether the creep deformation has begun. At an early stage, when the effective stress cannot be measured accurately, there was no unified criterion for the judgement of elastoplastic and creep strain, and some scholars adopt one hour from when the load stress became stable as the time demarcation point for the two types of strain [15,16,17]. There also exist some research works which treat ‘strain–time curve’ as ‘creep curve’ [18], however, here, we do not follow this view.



Though the strain–time curves of SL have practical significance, as mentioned in Section 1.1, researchers prefer the strain–time curves of RL to develop a constitutive model, avoiding the soil stress history effect [19]. Figure 1a shows the single stair-shaped creep curves of RL and Figure 1b shows the multi-stair-shaped creep curves of SL. Though the curves of SL contain the stress history effect of former load levels to latter load levels, researchers began to convert the tested creep deformation curves of SL into assumed curves of RL from an early stage [2,3,20].



The problem is as follows: in the gradually uplifted multi-stair-shaped deformation curve of SL, the latter sections are actually affected by the former sections. There exist micro fissures in the specimen caused by former loads when the latter loads are to be exerted and the fissures exacerbate deformation [21]. How to convert the curves to get rid of the stress history effect remains a problem [2].




1.3. Classical Conversion Methods for Creep Curves


1.3.1. The Coordinate Translation Method (CTM)


This method was too simple to be first thought of to perform the conversion: each beginning moment of a stair loading is regarded as the initial moment of the creep curve under the corresponding RL level, and the subsequent time is counted from this moment, that is, the time coordinate is dragged backward. This method is based on the Boltzmann linear superposition method [22] for the linearly viscoelastic body of rock. Here, the soil is assumed to be linearly rheological [23]. The linearly rheological property means that though the constitutive relationship (  σ − ε  ) varies with time, at the same moment, the (  σ − ε  ) relationship always remains linear [24].



The CTM holds that the total creep deformation of the specimen is the linear superposition of the creep deformation increments caused by each load level, and the deformation effect of each load level on the specimen is independent. However, in most cases, the soil is not linearly rheological and the creep deformation is actually affected by the former load levels. What is more, the linear superposition requires that the time of exerting each load level must be consistent, and the creep deformation rate must be close to zero so that the next load level can be exerted. In most creep tests, the time needed for the creep deformation to be stable increases with the load level, so it is difficult to determine each loading duration in advance.




1.3.2. Chen’s Method (Tan’s Method)


Tjong-kie Tan and Wen-fa Kang [3,20] came up with the experimental skill and drawing method. They tested the torsional creep behavior of sandstone and the mode of multi-stepwise moment loading was


  M =  M 0  H  ( t )  +  M 1  H  (  t −  θ 1   )  +  M 2  H  (  t −  θ 1   )  + ⋯  M 2  H  (  t −  θ n   )   



(1)




which had been proposed by Tjong-kie Tan earlier in 1964. Towards the multi-stair-shaped creep deformation curve, a geometrical method is used, shown in Figure 2, where b1~b7 are the creep deformation effects caused by the moment increment (921.25 − 612.50) KG-CM and c1~c7 are the creep deformation effects caused by the moment increment (1254.90 − 921.50) KG-CM. b1~b7 are considered as the differences between the actual measured creep deformation and the assumed developed creep deformation along a1~a7 by extending the creep curve under 612.50 KG-CM. The same applies to c1~c7 under the moment increment (1254.90 − 921.50) KG-CM. Then, the creep curve of RL under 921.25 KG-CM can be obtained by a1 + b1, a2 + b2, a3 + b3…a7 + b7 and the curve under 1254.90 KG-CM can be drawn by a1 + b1 + c1, a2 + b2 + c2, a3 + b3 + c3…a7 + b7 + c7. Chen’s method requires the loading duration of each load level to be the same. Some scholars once explained the theory of this method, also related to the Boltzmann linear superposition method [18]. It has been proved that Chen’s method is better than the CTM [25]. So far, Chen’s method has been considered reasonable for clay hollow tube torsional creep tests and solid cylindrical sandstone torsion tests [20], while valid examination of Chen’s method on triaxial creep tests itself has not been directly found by the authors.




1.3.3. Sun’s Conversion Method


Jun Sun considers soil to be non-linearly rheological [2]. Suppose the nonlinear creep response is


   ε T   ( t )  = σ  J 1   ( t )  +  σ 2   J 2   (  t , t  )  +  σ 3   J 3   (  t , t , t  )  + ⋯  



(2)




where    J 1   ( t )    is linear creep compliance of soil, and    J 2   (  t , t  )   ,    J 3   (  t , t , t  )   … are a series of nonlinear material functions, all of which are determined by the practical properties and states of the geotechnical materials.



Towards the stress increment   Δ  σ  i     at time    t i   , the creep response is


   ε i   ( t )  = Δ  σ i   J 1   (  t −  t i   )  +    (  Δ  σ i   )   2   J 2   (  t −  t i  , t −  t i   )  +    (  Δ  σ i   )   3   J 3   (  t −  t i  , t −  t i  , t −  t i   )  + ⋯  



(3)







Different from the linearly rheological hypothesis, Equation (3) reflects the effects of higher-order stress terms. The total response    ε T   ( t )    at any time  t  covers both linear and nonlinear effects. The nonlinear effects exist in the contribution of the interactions among the higher-order increments of stress and each stress level.



That is


      ε i   ( t )  = Δ  σ 0   J 1   ( t )  + Δ  σ 1   J 1   (  t −  t 1   )  + Δ  σ 2   J 1   (  t −  t 2   )  + · · · +    (  Δ  σ 1   )   2   J 2   (  t , t  )  + Δ  σ 0   J 2   (  t , t −  t 1   )  + Δ  σ 1  Δ  σ 0   J 2   (  t −  t 1  , t  )        +    (  Δ  σ 1   )   2   J 2   (  t −  t 1  , t −  t 1   )  + Δ  σ 0  Δ  σ 2   J 2   (  t , t −  t 2   )  + · · · +    (  Δ  σ 0   )   3   J 3   (  t , t , t  )  +    (  Δ  σ 0   )   2  Δ  σ 1   J 3   (  t , t , t −  t 1   )  + ⋯       + Δ  σ 0  Δ  σ 1  Δ  σ 2   J 3   (  t , t −  t 1  , t −  t 2   )  + ⋯     



(4)







Therefore, the total strain under multi-load levels can be expressed as:


   ε T   ( t )  =   ∑     Δ  σ i   J 1   (  t −  t i   )  +   ∑       ∑     Δ  σ i  Δ  σ j   J 2   (  t −  t i  , t −  t j   )  +   ∑       ∑       ∑     Δ  σ i  Δ  σ j  Δ  σ k   (  t −  t i  , t −  t j  , t −  t k   )  + ⋯  



(5)







If stress changes continuously with time, the sum form of Equation (5) will become the integrated form. When    J 2   ,    J 3   … is omitted, Equation (5) becomes the Boltzmann linear superposition method. Although Equation (5) is presented in an analytic form, it is difficult for practical application, because the nonlinear material functions    J 2   (  t , t  )   ,    J 3   (  t , t , t  )   … must be determined by additional experiments.



Comparing the CTM, Chen’s method, and Sun’s conversion method, the former two methods cannot effectively consider the non-linearity of strain–time properties and eliminate the stress history effect, while Sun’s method requires extra tests which consume more time and effort. In this manuscript, the loading mode effect on the triaxial compression strain–time curves is discussed and attempts are made to eliminate it, so that the creep constitutive model of higher accuracy can be proposed and calibrated based on the curves.






2. Method—The Revise Energy Method (REM) for the Conversion of the Strain–Time Curves


As introduced in Section 1.3, the classical methods for the conversion mainly focus on creep strain–time. This is because the researchers only needed the creep strain parts at that time, and the conversion mainly starts from the perspective of ‘strain’, not ‘deformation’. These methods are based on the concept of classifying strain as linear and nonlinear.



The REM will perform the conversion on deformation, treating deformation as an entirety, to obtain the RL strain–time curves corresponding to SL.



Take the example of exerting the first two load levels in turn (SL) and exerting equal loads at one time (RL). Figure 3a shows the process of exerting the first stepwise load    F 1    and Figure 3b shows that of adding the second SL    F 2    on the same specimen A. Figure 3c shows the RL of the same load    F 1    on specimen B. Figure 3d shows the RL of the same load    F 1  +  F 2    on specimen C.



The SL and RL of    F 1    will result in the same deformation. The actual deformation conversion should begin from the   +  F 2    loading on specimen A and    F 1  +  F 2    loading on specimen C.



Conservation of energy is usually used as a process calculation criterion from the beginning to the end. When the specimen is deformed to the stable state under the 2nd level SL, the external force work    W 2    should be expressed as


   W 2  =  F 1   (   l 1  +  l 2   )  +  F 2   l  2     +   ∫    t 0     t 1      ∫  0   l 1     (   σ 3  ·  A t   )  d l d t +   ∫    t 1     t 2      ∫  0   l 2     (   σ 3  ·  A t   )  d l d t +   ∫    t 0     t 1      ∫  0   l  x 1      (   σ 3  ·  A s   )  d  l x  d t +   ∫    t 1     t 2      ∫  0   l  x 2      (   σ 3  ·  A s   )  d  l x  d t  



(6)







To simplify the explanation of so many symbols in the manuscript, here, we extend the constant subscripts to variable subscripts and explain them. The symbols with superscripts represent similar meanings while under RL, if not explained specially.



   W n    is the total external force work of  n  vertical load levels under SL.



 n  is the level of vertical SL at present or to be calculated.



   F i    is the ith external vertical load. It is the single load under SL, not the accumulated loads, (N). i = 1, …, n.



   l j     (   l  x j    ) is the vertical stable deformation increment (the mean radial swell increment) under the jth SL compared with the (j − 1)th loading, (mm). j = 1, …, n.



   σ 3    is the confining pressure under SL, (MPa). (  σ    ′  3   , under RL).



   A t       (   A s   )    is the top (side) area of the triaxial specimen under SL, (mm2). (  A    ′  t   , under RL) (  A    ′  s   , under RL).



   t  i − 1   ,    t i    are, respectively, the beginning time and the stable time of the ith SL, (min).    t 0  = 0  .



   A s   ,     A t   ,     σ 3    (  A    ′  s   ,    A    ′  t   ,    σ    ′  3   ) change with time.



By setting the value adoption mode of the physical terms in the integral Equation (6), Equation (6) can be simplified as


   W 2  =  F 1   (   l 1  +  l 2   )  +  F 2   l 2  +  σ 3  ·  A  t 1   ·  l 1  +  σ 3  ·  A  t 2   ·  l 2  +  σ 3  ·  A  s 1   ·  l  x 1   +  σ 3  ·  A  s 2   ·  l  x 2    



(7)







   A  t i     (   A  s i    ) is the stable top (side) area of the triaxial specimen under the ith level SL, (mm2). (  A    ′   t i    , under RL   F    ′  i   ) (  A    ′   s i    , under RL   F    ′  i   ) (Note: the load at this moment is accumulated loads of all the former load levels).



(Note:    σ 3    is actually changeable during the test process, but few experiments performed earlier chose to change it because a complex stress history will make the analysis more difficult.)



When the equal level RL test develops to the steady state, the external force work   W    ′  2    should be expressed as


  W    ′  2  = F    ′  2  l    ′   2     +   ∫    t 0    t    ′  2      ∫  0  l    ′  2     (  σ    ′  3  · A    ′  t   )  d l   ′  d t +   ∫    t 0    t    ′  2      ∫  0  l    ′   x 2      (  σ    ′  3  · A    ′  s   )  d l    ′  x  d t  



(8)




where   W    ′  n    is the total external force work of n vertical load levels under RL.



 n  is the level of vertical RL at present or needs to be calculated. For RL, i = n.



  F    ′  i    is the ith external vertical load. It is the single load under RL, equaling the total quantity from 1st to ith load level under SL, (N). The same, i = n for RL.



  l    ′  i      is the vertical stable deformation under the   F    ′  i    RL, (mm).



  l    ′   x i     is the mean radial swell increment under the   F    ′  i    RL, (mm).



  t    ′  i    is the time needed until the stable deformation under the   F    ′  i    RL, (mm).    t 0  = 0  .



Usually, the conversion of strain–time (deformation–time) curves from SL to RL keeps the confining pressure the same:    σ 3  = σ    ′  3   .



Similarly to Equation (7), Equation (8) can be simplified as below


  W    ′  2  = F    ′  2  l    ′  2  +  σ 3  · A    ′   t 2   · l    ′  2  +  σ 3  · A    ′   s 2   · l    ′   x 2    



(9)







The conversion process of strain–time (deformation–time) curves is to convert the known practical deformation under SL to the unknown deformation under RL. The connection, that is, the consistency equation, could be keeping the total external force work of the ith load level the same between two loading modes:


   W 2  = W    ′  2   



(10)







However, by comparing Equations (7) and (9), there apparently exists a disparity in external force work. With further research, the revised energy term   Δ  W 2    should be added to    W 2   :


  Δ  W 2  = 2  F 2   l 1  + 2  [   (   F 1  +  F 2   )   | θ |  +  σ 3  ·  A  t 2   ·  | θ |   ]   



(11)




where  θ  is a disparity deformation to revise the stress history effect on soil.


  θ =    l 1     F 1     (   F 1  +  F 2   )  −  (   l 1  +  l 2   )   



(12)







Then Equation (10) is changed into


   W 2  + Δ  W 2  = W    ′  2   



(13)







To obtain the   l    ′  i   , Equation (13) is extended by substituting Equations (7), (9) and (11) in, and   l    ′  i    should be the only unknown variable. The strain–time (deformation–time) under SL is already known. Clearly, all the other uncertain geometrical variables must be transformed into expressions of the known variables such as  l  or the unknown variable   l    ′  i   , so that Equation (13) can be used to derive the   l    ′  i   . The    l  x j     and other geometrical variables may be measured directly if the rheometer is advanced enough [26], which will be considered to be known, making Equation (13) easier.



If the geometrical variables cannot be obtained directly, a hypothesis regarding the geometrical change of the triaxial specimen will push the calculation forward: the triaxial specimen stays in a cylinder shape when it is deformed. This hypothesis refers to the true shape change of specimens in the creep tests, as Figure 4 shows. If there is no friction between the filter paper and the specimen, and also no friction between the filter paper and the porous stone, the cylinder specimen will keep its cylinder shape [27,28]. Of course, the friction is impossible to avoid, but the    l  x j   ,   l    ′   x i     are both mean values of the radial swell increments, which makes the cylinder hypothesis as approximate as the practical drum-like shape specimen. For UU creep tests, the volume of the cylinder specimen can be assumed not to change, while for the CU and CD, the shrinkage volume of the specimen must be known for higher accuracy.



Following the geometrical hypothesis, rebuild the geometrical change of specimens. Take CD creep tests as an example.



For the 1st level SL, the geometrical Equations (14)–(17) are established


   (  1 −  ε  v 1    )   π 4   d 0 2   h 0  =  π 4   d 1 2   h 1  =  π 4   d 1 2   (   h 0  −  l 1   )   



(14)






   l  x 1   =  d 1  −  d 0   



(15)






   A  s 1   = π  d 1   h 1  = π  d 1   (   h 0  −  l 1   )   



(16)






   A  t 1   =  π 4   d 1 2   



(17)







While for the same quantity 1st level RL,


   (  1 − ε    ′   v 1    )   π 4   d 0 2   h 0  =  π 4  d    ′  1 2  h    ′  1  =  π 4  d    ′  1 2   (   h 0  − l    ′  1   )   



(18)






  l    ′   x 1   = d    ′  1  −  d 0   



(19)






  A    ′   s 1   = π d    ′  1  h    ′  1  = π d    ′  1   (   h 0  − l    ′  1   )   



(20)






  A    ′   s 1   =  π 4  d    ′  1 2   



(21)




where    d 0    (   h 0   ) is the initial diameter (height) of the specimen,    d i    (   h i   ) is the stable diameter (height) of the specimen under the ith SL.    ε  v i     is the stable bulk strain of the ith SL.   ε    ′   v i     is the stable bulk strain of the ith RL.



Similarly, the geometrical equations of the 2nd level SL and the same quantity of the 2nd level RL can be obtained.



Obviously,   l    ′  1  =  l 1   ,   l    ′   x 1   =  l  x 1   =  d 0   (       (  1 − ε    ′   v 1    )   h 0     h 0  − l    ′  1      − 1  )  =  d 0   (       (  1 −  ε  v 1    )   h 0     h 0  −  l 1      − 1  )   .



To obtain   l    ′  2   , a further calculation is needed.



Combine Equations (7), (9), (11)–(13), and the geometrical equations of 2nd level SL and RL. Let   F    ′  2  =  (   F 1  +  F 2   )   , and Equation (22) will be established


    W 2  + Δ  W 2  =  (   F 1  +  F 1   )  l    ′  2  +  σ 3  A    ′   t 2   l    ′  2  +  σ 3  A    ′   s 2   l    ′   x 2   =  (   F 1  +  F 2   )  l    ′  2  +  σ 3  ·  π 4  d    ′  2 2  l    ′  2  +  σ 3  · π d    ′  2  h    ′  2  l    ′   x 2      =  (   F 1  +  F 2   )  l    ′  2  +  σ 3  ·  π 4  d    ′  2 2  l    ′  2  +  σ 3  · π d    ′  2   (   h 0  − l    ′  2   )   (  d    ′  2  −  d 0   )     =  (   F 1  +  F 2   )  l    ′  2  +  σ 3  ·  π 4   d 0 2   (     (  1 − ε    ′   v 2    )   h 0     h 0  − l    ′  2     )  l    ′  2  +  σ 3     · π  d 0       (  1 − ε    ′   v 2    )   h 0     h 0  − l    ′  2       (   h 0  − l    ′  2   )   (   d 0       (  1 − ε    ′   v 2    )   h 0     h 0  − l    ′  2      −  d 0   )    



(22)







To simplify Equation (22), let        (  1 − ε    ′   v 2    )   h 0     h 0  − l    ′  2      = ξ  , then   l    ′  2  =    (   ξ 2  − 1 + ε    ′   v 2    )     ξ 2     h 0   , and substitute them back into Equation (22), finally, Equation (23) is


    1 4  π  σ 3   d 0 2   h 0   ξ 4  +  [   (   F 1  +  F 2   )   h 0  +  3 4  π  σ 3   d 0 2   h 0  −  3 4  π ε    ′   v 2    σ 3   d 0 2   h 0  −  (   W 2  + Δ  W 2   )   ]   ξ 2  − (  σ 3  π  d 0 2   h 0  − ε    ′   v 2   π  σ 3   d 0 2   h 0  ) ξ    +  (   F 1  +  F 2   )   (  ε    ′   v 2   − 1  )   h 0  = 0   



(23)







To solve   l    ′  2   ,  ξ  should be solved first. Fortunately, Equation (23) is a quartic equation of one variable, which is solvable analytically. However, unless the RL is practically performed,   ε    ′   v 2     will not be determined, so    ε  v 2     which can be measured in SL is used instead. It should also be noted,


    (  1 − ε    ′   v i    )   π 4   d 0 2   h 0  =  π 4  d    ′  i 2  h    ′  i  =  π 4  d    ′  i 2   (   h 0  − l    ′  i   )  → d    ′  i  =  d 0       (  1 − ε    ′   v i    )   h 0     h 0  − l    ′  i      → ν =  (     d 0  − d    ′  i     d 0     )  /  (    l    ′  i     h 0     )     =  (     d 0  −  d 0       (  1 − ε    ′   v i    )   h 0     h 0  − l    ′  i         d 0     )  /  (    l    ′  i     h 0     )  =    h 0    l    ′  i     (  1 −      (  1 − ε    ′   v i    )   h 0     h 0  − l    ′  i       )    



(24)







Here,  ν  is the Poisson ratio of the triaxial cylinder specimen at the stable state. With the proper time interval selected, the real-time Poisson ratio will also be obtained in the same way.



On working out the  ξ ,   l    ′  2    is also obtained.



Repeat the calculation idea and steps until the nth loading, and Equation (23) will be extended as


    1 4  π  σ 3   d 0 2   h 0   ξ 4  +  [   (    ∑   i = 1  n   F i   )   h 0  +  3 4  π  σ 3   d 0 2   h 0  −  3 4  π  ε  v n    σ 3   d 0 2   h 0  − (  W n  + Δ  W n  )  ]   ξ 2  − (  σ 3  π  d 0 2   h 0  −  ε  v n   π  σ 3   d 0 2   h 0  ) ξ    +  (    ∑   i = 1  n   F i   )   h 0   (   ε  v n   − 1  )  = 0   



(25)






  ξ =      (  1 −  ε  v i    )   h 0     h 0  − l    ′  i         



(26)






  l    ′  i  =    (   ξ 2  − 1 +  ε  v i    )     ξ 2     h 0   



(27)






  Δ  W n  = 2   ∑   i = 2  n  (  F i   l  i − 1   ) + 2  [   (   F 1  +   ∑   i = 2  n   F i   )   | θ |  +  σ 3  ·  A  t n   ·  | θ |   ]   



(28)






  θ =    l 1     F 1     (   F 1  +   ∑   i = 2  n   F i   )  −  (   l 1  +   ∑   i = 2  n   l i   )   



(29)







In solving Equation (23) or (25), there will be four solutions. According to Equation (27), the useful solution   ξ   is the positive real number which is slightly more than 1.0.



By now, all the calculation steps in the REM have only finished the conversion of stable deformation points of the deformation–time curves while other points at any time between loading moment and a stable state were not converted. To obtain the complete converted strain–time (deformation–time) curves, the method should be used for the whole process of SL on a specimen.



To reduce the considerable calculation amount, for each stair of a deformation–time curve, select a series of calculation points in a kind of time mode, for example,    t k  = 100 k , k = 0 , 1 , 2 , 3  … (min) as the temporary stable time points until the real end moment of a stair. Carry out the method again by replacing the integral end time point with    t k   .



Then there will be a series of quartic equations of  ξ 


    1 4  π  σ 3   d 0 2   h 0   ξ   t k   4  +  [   (    ∑   i = 1  n   F i   )   h 0  +  3 4  π  σ 3   d 0 2   h 0  −  3 4  π  ε  v n ,  t k     σ 3   d 0 2   h 0  − (  W  n ,  t k    + Δ  W n  )  ]   ξ   t k   2     − (  σ 3  π  d 0 2   h 0  −  ε  v n ,  t k    π  σ 3   d 0 2   h 0  )  ξ   t k    +  (    ∑   i = 1  n   F i   )   (   ε  v n ,  t k    − 1  )   h 0  = 0     



(30)






   ξ   t k    =      h 0   (  1 −  ε  v i ,  t k     )     h 0  − l    ′    t k          ,   l    ′    t k    =    (   ξ   t k   2  − 1 +  ε  v i ,  t k     )     ξ   t k   2     h 0   



(31)




where    W  n ,  t k        is the total external force work up to the moment of    t k    at nth stair of a deformation–time curve, (n = 1, 2, 3, …    t k  = 100 k , k = 1 , 2 , 3 …  ). The simplified    W  n ,  t k        is


   W  n ,  t k    =   ∑   i = 1   n = 1    (   F i  ·   ∑   j = i   n − 1    l j   )  +  F n  ·  l   t k      +   ∑   i = j = 1   n − 1    (   σ 3  ·  A  t i   ·  l j   )  +  σ 3  ·  A  t  t k    ·  l   t k    +   ∑   i = j = 1   n − 1    (   σ 3  ·  A  s i   ·  l  x j    )  +  σ 3  ·  A  s  t k    ·  l  x  t k     



(32)




where    l   t k      (   l  x  t k     ) is up to the    t k    moment, the vertical deformation increment (the mean radial swell increment) under the SL of     ∑   i = 1  n   F i    level, (mm).



   A  t  t k      (   A  s  t k     ) is up to the    t k    moment, the top (side) area of the triaxial specimen under SL of     ∑   i = 1  n   F i    level, (mm2).



  l    ′    t k      is the vertical deformation up to the    t k    moment under the   F    ′  i    RL converted from SL, (mm).   l    ′    t k      is also the variable that the REM concerns.



   ε  v n ,  t k      (   ε  v i ,  t k     ) is up to the    t k    moment, the bulk strain of the specimen under nth (ith) SL.



Perform the conversion at    t k    moments, respectively. With the points converted, a complete deformation–time curve of RL can be drawn.




3. Experiment and Result—An Instance for the Revise Energy Method


3.1. Experiment


Here, to examine the validity of the revise energy method, Zhou’s [29] triaxial creep experimental results of the remolded saturated clayey soil are adopted. The basic physical properties are listed in Table 1.



Through triaxial CU tests, the cohesion of the remolded clayey soil is 2.37 kPa, and the internal friction angle is 16.86°. The triaxial creep test plan was designed as Table 2.



Apparently, Test 4 and 5 are in a stepwise loading path while Test 1, 2, and 3 are in their respective loading path. The specimens tested are all 61.8 mm (   d 0   )  ×  125 mm (   h 0   ). The stable criteria for deformation is   < 0.01   mm / d  . Axial strain–time and bulk strain–time data are both extracted for conversion.




3.2. Result


The conversion axial strain–time curves of    (   σ 1  −  σ 3   )  = 120   kPa   &   240   kPa   in Test 4 are illustrated in Figure 5 and Figure 6, respectively, and they are also compared with Test 2 and Test 3. While Figure 7 compares the conversion of    (   σ 1  −  σ 3   )  = 240   kPa   in Test 5 and the respective loading result of Test 3. All the conversions are performed with bulk strain tested in stepwise loading because the conversion itself is based on not knowing the bulk strain of the respective loading.



In Figure 5, soil specimens exerted the same external stress load 120 kPa, the SL strain–time curve firstly exceeds the RL curve, while, along with time, the RL curve exceeds the SL curve. The converted strain   ε    ′  2   –time (corresponding to   l    ′  2   –time) curve exhibits a higher level than both strain–time of SL and RL. Focusing on the trend that curves develop, in general, the later stage disparity between the converted curve and RL curve becomes smaller, while the disparity between the RL and SL curves becomes larger.



In Figure 6, soil specimens exerted the same external stress load 240 kPa, the RL strain–time curve quickly exceeds the SL curve and later exceeds the converted curve. The converted strain   ε    ′  4   –time (corresponding to   l    ′  4   –time) curve exhibits a middle level between the strain–time curves of SL and RL. Focusing on the trend that curves develop, the later stage disparity among the three curves shows an inconspicuous change.



In Figure 7, under the same external stress load of 240 kPa, the RL strain–time curve quickly exceeds the SL curve and the converted curve at an early moment. The converted strain   ε    ′  2   –time (corresponding to   l    ′  2   –time) curve exhibits a middle level between the strain–time curves of SL and RL. The later stage disparity among the three curves also shows an inconspicuous change.





4. Discussions—Analysis of the Revise Energy Method


4.1. The Trend Analysis


Usually, within the comparisons of the curves, the RL curve shows a dramatic increase, this is because the RL curve begins from 0 strain at 0 min, while the SL curve, unless it is the first stair, will always begin from a non-zero value in the actual tests and so too the converted curve. In some ways, the differences in beginning points among the curves are the embodiment of the stress history effect. The slope of the RL curve at the beginning stage is greater than the RL and converted curves, corresponding to the elastic modulus variation of the soil specimens. The RL curve is obtained from a specimen in an originally non-loaded state, while the SL curve is obtained from a specimen in an already loaded state, which signifies the latter specimen possesses greater density and higher rigidity (the soil tested is strain-hardening type), and this is also the explanation of stress history effect on the material. It firmly proves again that if the SL curve is adopted for analysis or utilized without conversion, an unsatisfying discrepancy will occur.



The non-zero beginning point cannot be avoided in the conversion because the conversion should be based on already obtained results. To change this, it could be achieved by manually revising the first point of the curve to be (0,0).



At the later stage, with enough loading duration, the specimens are deformed towards a stable state, so the developing tendency of the curves is roughly similar. The tendency of the curves in Figure 5 illustrates the specimens may not have crept to become sufficiently stable.




4.2. The Disparity Analysis


Select the endpoints of all the curves to compare, the strain values are listed in Table 3.



From the comparison in Table 3, the end strain of the SL curve is generally smaller than it of the RL curve when the loading condition is the same. Comparing the different loading conditions, the larger the axial stress load is, the larger the discrepancy between the RL and SL strain–time curve is, and the disparity becomes larger with time.



As shown in Figure 8, the strain corresponding to stress    (   σ 1  −  σ 3   )  = 240   kPa but loaded in different modes also varies. From these tests, in general, the more steps a specimen experiences, the lower the strain level is. These results can both be explained by the stress history effect and the strain hardening property of clayey soil.



As listed in Table 3, the disparity between the actual RL strain and converted strain reaches 0.38% strain. While the disparity between the actual RL and SL reaches 0.8% strain. Therefore, the revise energy method at least improves the accuracy of conversion results at the later stage of deformation with time. Compared with the original SL curves, the converted curves validly approaches the actual RL curves when the stress load becomes larger, while the remaining disparity that the REM is not able to improve may be explained by the fact that:




	1

	
The cylinder geometrical hypothesis is not totally applicable to the test results of specimens in shape, as in Figure 4.




	2

	
The bulk strain data used in the conversion is tested in SL, not the bulk strain tested in RL, the disparity caused by the discrepancy of bulk strain may be accumulated with the stress load increasing.




	3

	
The initial size of the specimen may not accurately be    d 0    61.8 mm ×    h 0    125 mm, which will not influence the RL strain–time curve decisively but will influence the conversion of REM because d0 and h0 are vital parameters for the REM.









The gravity of a triaxial specimen can be neglected in the calculation, however, the gravity of soil cannot be neglected when such a vast amount of soil is involved in the calculation, and the friction must not be neglected either. The practical effect of gravity and friction on the conversion for a large soil test remains for further study.





5. Conclusions


The comparison between actual measured SL and RL strain–time curves proves the stress history effect should not be neglected and highlights the necessity of considering the stress history effect in analysis and design for higher accuracy. For stress hardening soil, the higher the vertical load level is, the larger the discrepancy between the RL and SL strain–time curve is, and the disparity becomes larger with time. In general, to reach a certain stress level, the more steps a specimen experiences, the lower the strain level is.



Through revising the energy relations, the revise energy method rebuilds the triaxial creep test mathematically and physically, eventually achieving the conversion of strain–time curves without neglecting the stress history effect. The method treats the tested deformation as an entirety, instead of distinguishing it into elastic, visco-elastic, plastic and creep (linear and nonlinear) deformation to convert respectively.



The revise energy method does not require the SL strain–time curve to be of equal duration for each stress load level. With examination, the revise energy method is at least feasible to convert the later stage strain–time curves of triaxial creep tests of clayey soil. Through primary research, at the later stages of loading, compared with the disparity of strain between the measured SL and measured RL, the disparity of strain between the converted RL and measured RL decreases by 52.5%~53.5%.



With the revise energy method, much closer results to the practical results of RL creep tests can be obtained by converting the SL results so that the researchers can still choose SL in the soil triaxial creep test with the advantages of SL. Based on the more reliable converted strain–time curves, more accurate creep constitutive models are expected to be developed, and accordingly, engineering activities will benefit from the guidance of analysis on more practical strain–time curves and better constitutive models.
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Figure 1. (a): RL mode and corresponding creep strain–time curves. (b): SL mode and corresponding creep strain–time curves [2]. 
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Figure 2. SL creep curve for sandstone and its conversion to RL creep curve [20]. The colors of angle of twist per cm–time lines represent the following: gray line, under 612.50 KG-CM torque; red lines, under 921.25 KG-CM torque; blue lines, under 1254.90 KG-CM torque; yellow line, under other later torque levels. 
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Figure 3. Illustration of SL process on specimen A and RL process on specimen B and C. (a) Specimen A is deformed under F1 load. (b) Specimen A is continually deformed under another F2 load after it reached a stable deformation state under F1 load. (c) Specimen B is deformed under F1 load. (d) Specimen C is deformed under (F1 + F2) load. 
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Figure 4. Soil specimen instances after creep tests. Specimen (a), under presupposed confining pressure σ3 = 200 kPa. Specimen (b), under presupposed confining pressure σ3 = 150 kPa. Specimen (c), under presupposed confining pressure σ3 = 100 kPa.    (   σ 1  −  σ 3   )    exerted to the three specimens ranges from 37.98 kPa~360.23 kPa. The original sizes of all the three specimens are d0 = 61.8 mm and h0 = 125 mm. 
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Figure 5. Comparison of converted RL axial deformation and tested RL and SL axial deformation when    (   σ 1  −  σ 3   )  = 120   kPa   (Test 4, 2). 
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Figure 6. Comparison of converted RL axial deformation and tested RL and SL axial deformation when    (   σ 1  −  σ 3   )  = 240   kPa   (Test 4, 3). 
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Figure 7. Comparison of converted RL axial deformation and tested RL and SL axial deformation when    (   σ 1  −  σ 3   )  = 240   kPa   (Test 5, 3). 






Figure 7. Comparison of converted RL axial deformation and tested RL and SL axial deformation when    (   σ 1  −  σ 3   )  = 240   kPa   (Test 5, 3).



[image: Geotechnics 02 00041 g007]







[image: Geotechnics 02 00041 g008 550] 





Figure 8. Comparison of axial strain tested in different loading modes when    (   σ 1  −  σ 3   )  = 240   kPa   (Test 3, 4, 5). 
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Table 1. Basic physical properties of clayey soil.
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Source

of Soil

	
Sampling

Depth

(m)

	
Specific Gravity

Gs

	
Moisture Content

  ω   (%)

	
Void Ratio   e 0  

	
Water Limit

  w L   (%)

	
Plastic Limit   w  P     (%)

	
Density   ρ   (g/cm3)

	
Particle Gradation (mm)




	
>0.075

	
0.05–0.075

	
<0.05






	
West Lake,

Hangzhou,

China

	
15–25

	
2.74

	
28

	
0.87

	
39.2

	
22

	
1.872

	
2.69

	
3.21

	
94.1
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Table 2. Triaxial creep test plan.
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	Test
	Confining Pressure

  σ 3   (kPa)
	Shearing Strength

    (   σ 1  −  σ 3   )   f   (kPa)
	Loading Path

  (   σ 1  −  σ 3   )  





	1
	400
	330
	60



	2
	400
	330
	120



	3
	400
	330
	240



	4
	400
	330
	   60 → 120 → 180 → 240   



	5
	400
	330
	   120 → 240   
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Table 3. End strain of SL, RL, converted strain–time curve of three loading conditions.
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Figure

(Loading Condition)

	
End Strain (%)

	
Disparity of Strain between RL and Converted (%)

	
Disparity of Strain between RL and SL (%)




	
SL Curve

	
RL Curve

	
Converted Curve






	
1 (120 kPa of Test 2 and 4)

	
1.06

	
1.11

	
1.32

	
0.21

	
−0.05




	
2 (240 kPa of Test 3 and 4)

	
2.23

	
3.03

	
2.65

	
−0.38

	
−0.80




	
3 (240 kPa of Test 3 and 5)

	
2.59

	
3.15

	
2.89

	
−0.26

	
−0.56
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