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Abstract

:

The formulations of tasks modelling embankments on soft soil, improved with columns and with reinforced load transfer platform (LTP), differ significantly. One of these differences is the distribution of equivalent load modelling part of the load carried by the LTP reinforcement and soft soil. This article analyses the influence of the nature of the load-modelling linear function, i.e., inverse triangular, uniformly distributed and triangular, as well as intermediate distributions. In total, 41 distributions of equivalent load were considered, and the results of the obtained deflection functions were compared with the measurement results of reinforcement deflection for 5 cases of experimental research available in the literature. A measure of the accuracy of mapping the reinforcement deflection curve was proposed as a relative error in relation to the deflection curve resulting from experimental measurements. Based on the analysis of the mapping error, it was determined that among the three commonly used distributions, the inverse triangular distribution shows the best fit in most of the analysed cases. However, not in every single case this is the distribution leading to a solution that best describes the behaviour of the geosynthetic reinforcement.
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1. Introduction


For many years, embankments on soft soils improved with columns with transmission layer reinforcement have been the subject of worldwide research. This is an extremely complex problem due to a number of system interactions and occurring phenomena (e.g., the arching effect). The mechanism of load distribution and behaviour of such structure is still not fully understood, and models used for designing calculations differ significantly.



The research results on embankments supported by a ground improved with columns are commonly presented in current literature, indicating the need for further analysis. The research concerns both cases, i.e., without LTP reinforcement and with reinforcement. Ellis and Aslam [1,2] described in detail a series of centrifuge tests of unreinforced piled embankments; these studies were aimed at a better understanding of the arching concept. The results of measurements of model experiments on embankments without LTP reinforcement were also presented, e.g., by Britton and Naughton [3,4] and Hewlett and Randolph [5].



A series of model tests of embankments with a reinforced LTP were also performed. The results of scaled field experiments are given in [6], and the results of scaled laboratory experiments are presented e.g., in [7,8]. Measurements from selected tests presented in [9,10] were used in the current paper. Full scale tests were carried out both on trial plots [7,11,12,13] and in the final structure [14,15]. In most cases, researchers measured the geosynthetic strains. Only in a few tests the displacement of the geosynthetic was also measured. Data reported by Briançon and Simon [13] were particularly useful for application in the present paper. In the case of these studies, geosynthetic/soil settlements and the pressure exerted by the embankment between columns were measured over time.



The experimental results presented in [16] showed that the membrane effect in a reinforcement combined with soil arching provides values of efficiency regarding load transfer to the piles close to 100% for all of the twenty-eight centrifuge tests performed.



The analysis of road embankments on a ground improved with columns is carried out in two steps. In the first step, the load from the embankment and traffic is divided into the part carried directly by the columns (denoted as part A) and the rest (B + C) carried by the LTP reinforcement and the soft soil between the columns. This separation occurs as a result of arch mobilisation in the soil (the so-called ‘arching’ effect). Depending on local conditions, the geosynthetic may or may not be supported on weak soil (in the latter case C = 0). Whether soft soil is involved in the load distribution depends on its properties. In the case of BS [17], it is assumed that the soft soil does not contribute to the load transfer (C = 0). On the other hand, in the case of CUR [18] and EBGEO [19], the parameter characterizing soft soil for design purposes is subgrade reaction k [kN/m3]. Subgrade reaction k of the stratum can be estimated from the constrained modulus of the stratum E [kN/m2] and its thickness. In exceptional situations, such as loss of soil support, k = 0 is assumed for calculations [18,19].



In the analytical methods, in order to determine the forces and strains of the reinforcement, the spatial system is reduced to the 1D problem of the membrane loaded with the equivalent load modelling the remaining part of the load (B + C).



The arching effect and its description have been the subject of numerous reports (for example [20,21,22,23,24,25,26]. Fonseca and Palmeira [27], Naughton and Kempton [28] and Stewart and Filz [29] showed that various analytical calculation models for arching in piled embankments give different results in specific cases. Zhang et al. [30] with series of 3-D numerical analysis showed, that embankment on soft soil improved with columns with reinforced LTP performed better under uniform surface loading than under localized surface loading in terms of its deformation and load transfer. The arching phenomenon and the load distribution itself is not the main focus of this article; the values of the equivalent load resulting from measurements were adopted for the reinforcement analyses.



In the present paper, only the second step of the calculations is analysed (load deflection behaviour of the reinforcement). In this step, the load (B + C) on the reinforcement strip between the columns is the one-dimensional load on the membrane strip, and its distribution is different depending on the model used.



Some researchers assume that the vertical stress distribution applied on the geosynthetic is uniform [16,17,31,32,33], has a triangular shape [19] or an inverse triangular shape [9,10,18]. There is no unified approach to both the shape of the equivalent load distribution and the arching model.



The three commonly used distributions of equivalent load that model the load of the LTP reinforcement, presented in Figure 1, differ considerably. The behaviour of the membrane varies depending on the adopted distribution. Gajewska and Gajewski [34] showed that the distribution of the equivalent load has a significant impact on the behaviour of the membrane modelling the LTP reinforcement.



In the present paper, 41 distributions of the equivalent load from inverse triangular to triangular were analysed, and the obtained deflection functions were compared with the results of measurements of reinforcement deflection for 5 cases. Three cases concern a situation where the soil between the columns is not involved in the load transfer (k = 0, no soil support). For these cases, 4 deflection curves were analysed. The next two cases were related to situations where the role of soft soil in transferring loads is significant. For these cases, 7 deflection curves were analysed. The aim of the research was to determine which of the considered load distributions best maps the actual behaviour of the geosynthetic reinforcement. The analyses presented so far in the literature (cf. e.g., [9,10]) concerning the influence of the load distribution on the shape of the deflection curve of the reinforcement consisted in a visual comparison of the shape of the analytical deflection function and the shape of the experimental reinforcement deflection curve, and the assessment of the equivalent load distribution based on the shape of the second derivative plot of the reinforcement deflection curve. The authors proposed the measure of degree of accuracy as a relative error of mapping the deflection curve (see Equation (2)). The smaller the error value, the adopted load distribution allowed to more accurately reproduce the deflection curve resulting from the measurements.




2. Methodology


The equivalent load in a one-dimensional task should have a distribution ensuring a solution corresponding to the actual behaviour of the structure and enabling the most accurate determination of all quantities necessary for the proper design of the LTP geosynthetic reinforcement. A membrane modelling the geosynthetic reinforcement, loaded with the equivalent load of a given general distribution, is shown in Figure 2. The parameter K is equivalent subgrade reaction value [kN/m3].



In this paper, the loads in the form of a function (1) modelling all distributions from inverse triangular, through uniform, to triangular, were assumed:


   p ˜  ( x ) =   2  q  a v    (  x  (  1 − 2 δ  )  + δ  L / 2   )     L / 2    ,  



(1)




where:




	
   p ˜  ( x )  —function describing the equivalent load [kPa];



	
   q  a v    —equivalent load on the membrane [kPa];



	
 δ —coefficient determining the load distribution [–];



	
 L —clear distance between adjacent columns [m];



	
 x —distance from the centre between the columns [m].








Parameter  δ  is the parameter in the range from 0 to 1. The load attains the inverse triangular distribution for   δ = 0  , the uniform distribution—for   δ = 0.5  , and the triangular distribution—for   δ = 1  . Examples of load distributions depending on parameter  δ  are shown in Figure 3.



In further analyses, 41 load distributions from inverse triangular to triangular (  δ ∈  〈  0 , 1  〉   ) were taken into account with the  δ  increment equal to 0.025. The deflection curve of the membrane was determined for each analysed load distribution. In order to determine the forces in the membrane and its deflection curve   w ( x )  , the method presented by the authors in [35] was applied. This method is based on expanding into the Taylor series the expression for the curve length used to determine the deformation in the membrane. The membrane tension force    T h    can be determined from the condition for strain equality (see [35,36]). Unfortunately, this equation is highly nonlinear and additionally the accuracy of the solution depends on the number of series terms in the expression for the curve length. Tension force is found using numerical methods and the Wolfram Mathematica program. In order to compare the deflection of the membrane under each of the analysed load distributions with the results of experimental tests (laboratory and in situ), the formula for the interpretation of the mapping error was introduced in the following form:


  r e f =        ∫ 0  L / 2      [  w  exp   ( x ) − w ( x ,  T h  ) ]  2  d x         ∫ 0  L / 2      [  w  exp   ( x ) ]  2  d x         



(2)







As 41 values of parameter  δ  were introduced and the obtained solutions were compared with 5 cases (including 18 deflection curves resulting from the measurements), a program was written in Mathematica to automate the calculations. For example, Figure 4 shows the degree of accuracy of the deflection curve resulting from the measurements (blue line) for three load distributions represented by   δ = 0  ,   δ = 0.5   and   δ = 1  .




3. Analysis of the Measurement Results of Geosynthetic Reinforcement Deflection


There are many publications describing laboratory-scaled and natural-scale tests of embankments on a soft soil improved with columns and with reinforced LTP. In the case of LTP reinforcement, the required parameters are the values of the reinforcement strains [10]. Few researchers have measured the geosynthetic settlement, from which the deflection curve can be determined. For the present paper, measurements from five tests available in the literature were used, both the laboratory-scaled test and the full-scale tests.



Dutch scaled tests



Van Eekelen conducted a series of 12 laboratory-scaled tests [10]. Soft soil was modelled by a foam rubber cushion. On the top of the foam cushion and the piles, a 1.5 to 2 cm thick sand layer was applied. Then a GR (geotextile or geogrid) was attached. The embankment was represented by a 42 cm layer of sand or granular fill. The consolidation process of the soft soil was also modelled; the tap allowed drainage of the cushion during each test.



In the case of tests K2 and T3 in [10], vertical displacements of the reinforcement were reported at two points (see Tables S1 and S2). In order to determine the approximation of the deflection curve resulting from the measurements, additional assumptions were made: zero rotation angle at   x = 0   (halfway between the columns) and zero displacements at the edge of the column (  x = L / 2  ). The approximation of the deflection function was determined by assuming the seventh-degree polynomial in the form of:    w  exp   ( x ) =  a 8   x 7  +  a 7   x 6  +  a 6   x 5  +  a 5   x 4  +  a 4   x 3  +  a 3   x 2  +  a 2  x +  a 1   . The coefficients of the assumed function were determined so that the function passed through the points resulting from the displacement measurements. Plots of selected approximations are shown in Figure 4 and Figure 5. Since one specific deflection curve for a given case is analysed each time, adopting the polynomial as an approximation function is justified. The adoption of the seventh order polynomial made it possible to find a function that accurately approximates the experimental results (see Figure 4 and Figure 5). According to [10], the material used as reinforcement in test T3 was completely biaxial for larger strains. The calculations were made for two given reinforcement stiffnesses, but due to the same nature of the error distribution, the results of deflection curve mapping error for the higher of the values presented in Table 1 are shown.



In the case of test referred in the paper as C, the results were reported in [9]. After the test, the fill and GR were removed. The deformed shape of the thin sand layer below the GR was assumed to be the same as the deformed shape of the GR in the final phase of the test. The deformed surface was laser scanned. This allowed for the determination of the number of points on the GR displacement curve. The measured deformed shape was not completely symmetric. Therefore, the measurements for both parts were analysed as independent deflection curves (denoted as C_L and C_R, respectively), like in [9,10], (see Table S3). As it cannot be clearly stated which results of the Dutch tests were presented in [9], on the basis of the information contained in [9,10], the reinforcement stiffness given in Table 1 and the most probable load value    q  a v     were adopted for the analyses. The ratio of the load    q  a v     and the stiffness of the reinforcement  J  in this case was 0.125. In order to investigate the effect of the      q  a v    / J    ratio for cases with no soil support on the distribution of the deflection curve mapping error depending on the distribution of the equivalent load, a parametric analysis was performed for the C_L case. Therefore, the deflection functions for      q  a v    / J  = 0.075 ,   0.100 ,   0.125 ,   0.150 ,   0.175   were determined. In the case of test C, the seventh degree polynomial was also used to approximate the results. This allowed for an even better fit through measurements than in the case with the power law functions   a  x  2.8     and   b  x  3.7     which are shown in [9], cf. Figure 5. The measurement results of reinforcement settlements for cases with k = 0 are shown in Figure 6.



French experiments.



Briançon and Simon [13] and Nunez et al. [37] reported a series of large-scale tests in four test fields 1R–4R. Reinforcement was used only for plots 3R and 4R, PET biaxial geotextile in case of 3R and two layers of biaxial geogrid in case of 4R. The soft soil was improved with columns 0.38 m in diameter at an axial distance of 2 m. The measurements of settlements were carried out over a period of about six months. Parameters of the French tests are listed in Table 2.



In the calculations the GR stiffness at the end of the test was reduced by 25%, which is a typical reduction for PET in a six month period [10]. For 9 days (first measurement), the whole short-time stiffness was assumed. The load    q  a v     was assumed on the basis of measurements of the pressure exerted on the reinforcement (Figure 7). The embankment in Section 4R was erected up to day 24 after the LTP was installed, and the embankment in Section 3R was raised up to day 31.



The deflection curves for sections 3R and 4R (see Tables S4 and S5) were determined by approximating the measurement results with a function, depending on the analysed case, in the form of    C 0  +  C 1  x +  C 2   e  x  C 4    +  C 3   e  − x  C 5      or    C 0  +  C 2   e  x  C 4    +  C 3   e  − x  C 5     . Exemplary measurement results of soil/gtx settlements between columns in relation to the column head zero level for Section 4R are shown in Figure 8. In Section 3R, settlements were greater at the column than in the middle between the columns, while in the case of Section 4R, this phenomenon was observed only for measurements after 9 days. Since in the analytical methods, when determining forces and strains in the reinforcement it is assumed that the column does not settle, a zero settlement at the edge of the column was assumed as in [10], where geosynthetic deformations were analysed after about half a year after the installation.




4. Results


4.1. Cases of k = 0 (No Support by Subsoil)


This subsection presents the results of calculations performed for cases K2, T3 and C (two deflection curves), i.e., cases in which the soft soil does not contribute to the load transfer. The influence of the number of series terms on the accuracy of the received solution was analysed in [36]. The number of series terms was assumed in the calculations in order to obtain a satisfactory accuracy of the solution but also, at the same time, not to extend the calculations significantly. In all analysed cases, the calculation of the mapping error was performed assuming 20 elements of the Taylor series.



Figure 9 shows the distribution of the membrane tension force depending on the distribution of the equivalent load represented by parameter  δ . In all cases, the lowest value of the membrane tension force    T h    was obtained for   δ = 0   (inverse triangular load distribution). The tension force distribution for all analysed tests is the same. Figure 10 shows the obtained calculations of the deflection curve mapping error for individual distributions and various tests. In the case of test K2, the nature of the error distribution depending on  δ  is similar to the plot of the membrane tension force. The mapping error increases with the increase of parameter  δ , the smallest mapping error was obtained for   δ = 0  , and the largest for   δ = 1  . In the case of tests T3 and C, a decrease of the error value is visible even to the value of   δ = 0.2   (for case C_L), and then the mapping error for subsequent values of  δ  increases. Comparing the values of the mapping error for inverse triangular, uniform, and triangular distributions, in each case the error is smaller for the inverse triangular distribution and higher for the triangular distribution.



When analysing the calculation results shown in Figure 11, it is clearly visible that the      q  a v    / J    ratio has a large impact on the nature of the distribution of the deflection curve mapping error. As the value of the      q  a v    / J    ratio decreases, the error distribution function changes from increasing to decreasing almost in the entire range. This analysis shows how important it is to divide correctly the load in the first step of calculations into the part transferred by the columns (A) and the rest (B + C), and to determine the stiffness of the reinforcement. Figure 12 shows the deflection curves from the inverse triangular load, uniformly distributed and triangular for case C_L and the ratio      q  a v    / J    = 0.075. It can be seen that although the deflection curve from the triangular load (blue line) has a shape almost identical to the deflection curve resulting from the measurements (black line), for this particular case a better representation accuracy was obtained for uniform (red line) and triangular (magenta line) load.




4.2. Significant Soil Support Cases


In the case of sections 3R and 4R (k = 356 kN/m3, significant soil support), the membrane tension force    T h    distribution is completely different than in tests with k = 0 (no soil support). In all analysed cases, the membrane tension force    T h    was the lowest for  δ  at approx. 0.5 (uniform distribution of equivalent load), and the values of the force are similar for the extreme values   δ = 0   and   δ = 1  . Figure 13 shows an exemplary diagram of the membrane tension force for Section 3R (measurements taken 9 days after installation).



For sections 3R and 4R, settlements were measured at 9, 16, 23, 31, 49, 94 and 138 day after installation of the geosynthetic. This allowed the analysis to be carried out over time. In the case of Section 3R, the highest error values were obtained for measurements after 9 days (Figure 14). For the measurements after 16 days, there was a rapid decrease in the values of the deflection curve mapping errors. For measurements of settlement after 23 days, the error values for all analysed distributions increased significantly, and for subsequent measurements, the obtained error values gradually decreased. The nature of the distribution of the error value for different load distributions is similar, but for subsequent measurements of settlement, the difference between the smallest error value for   δ = 0   (which corresponds to the distribution of the equivalent load in the form of an inverted triangle) and the error values for the distributions for   δ ∈ ( 0.5 , 1 )   (distributions from equal to triangular) decreases. For all measurements in Section 3R, the lowest mapping error was obtained for the inverse triangular distribution (  δ = 0  ). Later, the error value grows, and from a uniform to triangular distribution ( δ  from about 0.5 to 1), the error value for measurements from the 16th day after installation is at a similar level for individual series of measurements.



In the case of Section 4R, the highest mapping error values were obtained for the settlement measurements after 9 days (embankment construction phase), cf. Figure 15. For measurements after 16 days, the error values are much lower, and for subsequent measurements they gradually decrease. The nature of the error distribution for the measurements from 9 to 49 days is similar to the nature of the error distribution for plot 3R. However, for the measurements from day 16 to 49, the smallest error was obtained for distributions represented by  δ  between 0.025 and 0.05. For the last two series of measurements, i.e., after 94 and 128 days, the nature of the error distribution depending on parameter  δ  changed significantly. The smallest error value was obtained for load distribution represented by   δ = 0.25  , and this value is almost four times smaller than the error for the equivalent load distribution with   δ = 0   (inverse triangular distribution) and over six times lower than the error for the equivalent load distribution with   δ = 1   (triangular distribution). The error value increases for values of  δ  above 0.25 for the 94th day and 0.275 for the 138th day. The highest mapping error value was obtained for   δ = 1   equivalent to a triangular distribution of the equivalent load.



For sections 3R and 4R, settlements of the column were also measured. In the final phase, they were equal to 31 and 28 mm, respectively. Therefore, for Section 4R, the influence of taking into account the settlements of the column on the accuracy of mapping the deflection curve of the geosynthetic was additionally analysed. The deflection curves of the geosynthetic were determined based on the settlement difference of soil between columns and the column itself. The results are shown in Figure 16.



Taking into account the column settlements caused that the mapping errors for all measurements were greater compared to the case when the column settlement is zero. In this case, the nature of the error distribution is very similar to the distribution obtained for the measurements in Section 3R without taking into account the column settlements. The error values are decreasing for subsequent measurements. Interestingly, for the measurements after 96 days, the obtained error values were slightly lower for all considered load distributions than for the measurements after 138 days.





5. Discussion of the Obtained Results


So far, no detailed analyses of mapping of the deflection curve of a geosynthetic have been presented in the literature. The authors propose a fit measure defined as the mapping error (see Section 2). Van Eekelen and Bezuijen [38] and Van Eekelen [10] analysed which of the distributions: triangular, uniform or inverse triangular gives the best fit to the obtained displacement results. However, no measure was used in those analyses. The measure of matching proposed by the authors of this article in the form of a relative error of the deflection curve mapping allowed to quantify the accuracy of mapping the deflection curve of the reinforcement depending on the distribution of the equivalent load.



In the case of tests for which soil between the columns does not participate in the load transfer (k = 0), the distribution that allowed the deflection curve of the reinforcement to be determined with the smallest error was the distribution represented by   δ = 0   for test K2,   δ = 0.025   for test T3,   δ = 0.125   for C_L and   δ = 0.125   for C_R. In any case, the mapping error increases for different values of  δ . Therefore, it can be concluded that in the case where the subgrade reaction is zero or very low, the inverse triangular distribution allows to determine the behaviour of the LTP reinforcement more precisely than the uniform and triangular distributions. This conclusion is in accordance with those presented in [9,10]. In [9], the correctness of the equivalent load distribution was determined by comparing the shape of the deflection curve.



However, it should be remembered that the accuracy of mapping for cases with k = 0 is influenced not only by the shape of the deflection curve under a given load distribution, but also by the      q  a v    / J    ratio (see Figure 10 and Figure 11). While the stiffness value J is a parameter that characterizes the reinforcement and results from the reinforcement properties, the    q  a v     value depends on the adopted arching model and may be more or less correctly determined.



Comparing centrifuge testing and analytical modelling, Blanc et al. [39] analysed also the influence of load distribution on the values of reinforcement deflection. In the presented in [39] case, an inverse triangular distribution gave deflection values lower than the uniform distribution. In turn, uniform distribution gave deflection values lower than the triangular distribution. However, the results of the conducted research, obtained by Blanc et al. [39], did not make it possible to unequivocally state which of the distributions is the best. The results of the study on the influence of the equivalent distribution on the correct mapping of the reinforcement deflection curve have shown that in most of the analysed cases the smallest error value corresponds to the inverse triangular or close distribution, and the largest to the triangular one.



Lehn et al. [40] indicated that the inverse triangular load distribution and the three dimensional Concentric Arches model proposed by Van Eekelen [10] seems to be more realistic than the approach of the EBGEO both under static and cyclic loading. The authors of this article analysed only the second step of the calculations, assuming the value of the load for reinforcement and soil between the columns as data resulting from measurements. The results of the calculations performed allow to confirm the conclusions formulated in [40] regarding the distribution of equivalent load. For all analysed cases, the obtained error was lower for mapping the reinforcement deflection curve for the inverse triangular distribution than for the triangular distribution used in the EBGEO. However, not in every case the smallest mapping error value corresponds to the inverse triangular distribution (see Figure 15).



In the case of the French full-scale test, measurements were carried out at certain intervals from the moment of geosynthetic installation. This allowed for the analysis of reinforcement behaviour over time. The obtained results (Figure 14 and Figure 15) clearly show that in the case when soft soil is characterised by a significant value of the subgrade reaction k, the use of current analytical methods does not allow to predict the actual behaviour of the reinforcement shortly after installation. These models assume the elastic behaviour of the ground and do not take into account the time needed for consolidation of soft soil. Therefore, in such cases, analysis of the reinforcement behaviour for the construction phases of the structure, as required by e.g., EBGEO [19], are not justified. Van Eekelen, while validating the proposed model [10], and analysing the French full-scale test, also performed calculations of the reinforcement behaviour only for the final phase, taking into account settlement measurements approximately half a year after reinforcement installation.



Commonly used analytical models (BS [17], CUR [18], EBGEO [19]) do not take column settlements into account. In the case of laboratory model tests, the assumption that the column does not settle is perfectly valid. However, in real structures column settlements are often quite significant. The model proposed by Klobe [41] taking into account column compliance, is not widely used. In the case of French full-scale tests, the analyses were carried out for deflection curves determined from the geosynthetic settlement measurements between the columns and the assumption that the column head level is constant, analogically as in Van Eekelen [10]. In fact, due to the occurrence of column settlement, the geosynthetic deflection will be smaller in relation to the current head level. The values of the mapping error for the deflection curve for Section 4R taking into account the current level of the column head are greater than in the case of a constant level of the column head, and the nature of the distribution of the mapping error value depending on parameter  δ  is similar to the distribution for Section 3R (see Figure 14 and Figure 16). A comparison of the values of the deflection curve mapping errors determined from the reference point equal to the head zero level and equal to the head level after a given time (Figure 15 and Figure 16) shows that taking into account column settlement in the calculation model is an important issue, and would be the subject of further research.




6. Conclusions


In the performed study, 41 distributions of equivalent load    q  a v     (from inverse triangular, through uniform to triangular and intermediate distributions) were analysed for each case. In each analysed case, the only variable was load distribution (parameter  δ ). The obtained results of the deflection curve mapping error allowed for the formulation of the following conclusions:




	
In many of the analysed cases, the best representation of the geosynthetic deflection curve (the smallest mapping error) was obtained for a distribution represented by   δ = 0   or close to it.



	
Inverse triangular distribution usually allows to obtain a fairly accurate representation of the real deflection curve of the load transfer platform geosynthetic reinforcement of embankments on soft soils improved with columns.



	
If the bearing resistance of soft soil is significant, the load distribution that allows for a better representation of the LTP reinforcement deflection in the final phase of the structure operation, depending on load ratio    q  a v     and stiffness of the reinforcement, and with the same value of the subgrade reaction, may be different. In the considered case 3R for measurements after 138 days, the smallest mapping error was obtained for the distribution with   δ = 0  , and for case 4R—for the distribution with   δ = 0.275  .



	
The analyses have shown that among the considered load distributions, it is not possible to identify one that ensures the most accurate forecasting of the LTP reinforcement behaviour in every situation.



	
Large values of the mapping error obtained for measurements made during the embankment construction phases and at a small distance from its implementation in the case of sections 3R and 4R indicate that the analytical methods do not allow for a reliable prediction of geosynthetic behaviour in these phases in the case with soil characterized by a significant coefficient of resistance k. When soft soil between the columns takes part in the load transfer (soils with significant value of subgrade reaction k), there is no justification for calculating the behaviour of the reinforcement in the embankment construction phases.
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Figure 1. Distributions of the equivalent load modelling the load of the LTP reinforcement. 
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Figure 2. A membrane modelling the reinforcement of the LTP, boundary conditions and coordinate system. 
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Figure 3. Examples of load distributions depending on parameter  δ . 
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Figure 4. Comparison of the deflection curve of the reinforcement with the deflection curve of the membrane for three equivalent load distributions (inverse triangular, uniform and triangular), using Formula (2); (source of measurement data [10]). 
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Figure 5. Approximation of the C_L (a) and C_R (b) test results using a 7th degree polynomial. 
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Figure 6. Results of settlement measurements for tests K2, T3 and C [9,10]. 
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Figure 7. Measurement results of the pressure exerted on the geosynthetic based on the measurements presented in [13]. 
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Figure 8. Results of measurements of the settlement of reinforcement between columns from the zero level of the column head—Section 4R (based on [13]). 
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Figure 9. Membrane tension force as a function of parameter  δ  (k = 0). 
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Figure 10. Deflection curve mapping error as a function of parameter (k = 0). 
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Figure 11. Deflection curve mapping error of the C_L test curve as a function of parameter  δ  (k = 0) for different values of the      q  a v    / J    ratio. 
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Figure 12. Comparison of deflection curves under the equivalent load distributed in the form of an inverse triangle, uniform and a triangle in view of the measurement results [9] of the reinforcement deflection curve (black line) for C_L and      q  a v    / J    = 0.075. 
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Figure 13. An example graph of tension force as the function of parameter  δ  (3R, 9 days). 
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Figure 14. Deflection curve mapping error as a function of parameter  δ  (Section 3R). 
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Figure 15. Deflection curve mapping error as a function of parameter  δ  (4R). 
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Figure 16. Deflection curve mapping error as a function of  δ  parameter (4R—taking into consideration the column settlement). 
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Table 1. Parameters of the Dutch tests.
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	Test
	Centre to Centre Distance between Piles (sx = sy) [m]
	Diameter Circular Pile Caps d [m]
	Subgrade Reaction k [kN/m3]
	GR Short Time Stiffness J2% (Direction 1/Direction 2)

[kN/m]





	K2
	0.55
	0.10
	0
	2269



	T3
	0.55
	0.10
	0
	970/1810



	C
	0.55
	0.10
	0
	1045
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Table 2. Parameters of the French tests.
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	Test
	Centre to Centre Distance between Piles (sx = sy) [m]
	Diameter Circular Pile Caps d

[m]
	Subgrade Reaction k [kN/m3]
	GR Short Time Stiffness Jx = Jy

[kN/m]





	3R
	2.0
	0.38
	356
	800



	4R
	2.0
	0.38
	356
	1000 (2 × 500)
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