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Abstract

:

There is an increasing awareness on the major benefits of using soil-geosynthetic composite (SGC) to achieve and maintain the stability of earth-filled embankment. Unlike the mechanically stabilized earth wall, the mechanism of the composite mass is still not fully understood. For examples, current analyses have been limited to an SGC mass with a reinforcement spacing   S v   of 0.2 m only; the combined effect of reinforcement and backfill properties is rarely studied; the equation for the estimation of the load-carrying capacity of the SGC mass has only been validated for backfill with maximum particle size   d max   between 10 mm and 33 mm and an    S v  /  d max    ratio between 6 and 20. The consequences of backfill compaction on an SGC mass with different reinforcement spacings are yet to be validated and whether the load-carrying capacity equation would still be applicable for materials with properties falling outside the above ranges. Through the simulation and validation of a field scale SGC mass, this study aims to assess the influence of various reinforcement and backfill parameters on the mechanical responses of a large-scale experimental SGC mass under its working load and failure conditions; the results are presented in terms of the wrapped face lateral displacement, reinforcement axial strain, and load-carrying capacity.






Keywords:


soil-geosynthetic composite (SGC); geosynthetic-reinforced soil (GRS); lateral displacement of wrapped face; load-carrying capacity; failure surface; numerical simulation












1. Introduction


A soil mass with closely spaced (reinforcement spacing ≤ 0.3 m) geosynthetic reinforcement is referred to as GRS, which differs from the conventional mechanically stabilized earth (MSE) walls where the reinforcement is a tensile tieback member in the soil mass; whereas in GRS, the reinforcement is an inclusion to improve the stiffness and strength of soil-geosynthetic composite (SGC). There has been an increasing awareness of the major benefits of using GRS to achieve and maintain stability of earth-filled embankment.



Laboratory large-scale model tests have been carried out and loaded to failure to examine the load-carrying capacity of GRS. Early GRS research has mainly focused on the effect of reinforcement spacing by means of field-scale experiments [1,2,3]. Elton and Parawaran [1] conducted a series of large cylindrical GRS compression tests with nonwoven geotextiles in unconfined condition using different reinforcement spacings and reinforcement strengths to evaluate the load-carrying capacity of reinforced soil. Adam et al. [2] and Pham [3] evaluated the influence of reinforcement spacing and reinforcement strength on the performance of five GRS mini piers and five large-scale soil-geosynthetic composites (SGC) specimens, respectively. Note that field-scale GRS experiment is referred to as the SGC test by Pham [3] and Wu and Pham [4]. These experiments not only showed that the reinforcement spacing plays a more prominent role than the reinforcement strength but also revealed that the behavior of closely spaced reinforced soil can be designated as a nonhomogeneous GRS.



Two-dimensional (2D) finite element (FE) analyses have also been performed by References [3,4,5,6,7,8,9] with the aim to appraise the composite behavior of the GRS mass experimented by Pham [3]. In particular, Pham [3] performed a number of finite element analyses and examined the effect of specimen sizes on the overall stress–strain and volumetric change distributions of the SGC mass with the aim to determine a generic dimension for the SGC mass that would produce a sufficiently close load-deformation behavior of a large GRS mass. Wu et al. [5,6] conducted a number of parametric studies to investigate the effect of reinforcement spacing, reinforcement stiffness, and soil stiffness on the volumetric change behavior and the stresses and deformations of SGC mass. In addition, FE studies have also been carried out to evaluate the composite behavior of the geosynthetic-reinforced soil–integrated bridge system (GRS–IBS) by References [10,11,12,13,14,15]. In particular, Ardah et al. [11] conducted a 2D FE analysis to mimic the performance of the GRS–IBS under different loading conditions, while Abu-Farsakh et al. [10] conducted a series of parametric study and investigated the effect of abutment height, span length, reinforcement spacing, and reinforcement stiffness on the behavior of the GRS–IBS.



On-site construction of a GRS mass generally involves a compaction process that leads to an increase in both the vertical and horizontal stresses in the soil mass. After compaction, the increase in the vertical load is reduced to a very small value or totally removed, but the increase in horizontal stress might only be slightly reduced. Such a net increase in the horizontal stress or the lock-in stress could affect the performance of the reinforcement. References [16,17,18,19,20,21,22,23,24] assessed the compaction effect by modeling the compaction load as a uniformly distributed load applied to the top surface of every newly placed fill as the wall was built from the base to the top, while Mirmoradi and Ehrlich [25,26,27] simulated the effect by applying the uniformly distributed load to the top and bottom surfaces of the fill layer. Gui et al. [8] and Phan et al. [9] conducted a series of numerical analyses on an SGC mass to evaluate the influence of compaction loads, compaction procedures, and surcharge loads on the response of the SGC mass. Gui et al. [8] found that the compaction procedures and the compaction loads of 44 kPa and 70 kPa used throughout the construction of the SGC mass had negligible effect on the reinforcement strain and the lateral displacement of the wrapped-faces of the SGC mass. However, their analyses were limited to the SGC mass with a reinforcement spacing of 0.2 m only; the compaction effect on SGC masses with different reinforcement spacings has yet to be validated. Esen et al. [28] investigated the performance of a GRS retaining wall (GRS-RW) via a comprehensive full-scale laboratory experiment and found that the wall reached its active state during the compaction process, and that the GRS was self-supporting under its own weight and train load, and thus resulted only in an insignificant pressure increment on the wall.



The lateral displacement of the facing and vertical compression of the soil mass are two vital considerations in the serviceability design of GRS bridge abutments while the load-carrying capacity is a crucial consideration for the strength limit condition [14]. For example, Raja and Shukla [29] developed an analytical expression to estimate the ultimate bearing capacity of a strip footing resting on GRS with reinforcement ends being wraparound to provide an additional shearing resistance and passive resistance to the GRS mass. Wu and Pham [30] proposed a semiempirical equation to evaluate the ultimate load-carrying capacity   q  u l t    of the GRS mass:


   q  u l t   =   σ c  + 0 .  7  (  S v  /  S ref  )     T f   S v     K p  + 2 c   K p    



(1)




where   σ c   is the external confining pressure exerted on the SGC mass; c the apparent cohesion of soil;   K p   the coefficient of Rankine passive earth pressure;   T f   the tensile strength of reinforcement;   S v   the vertical spacing of reinforcement; and   S ref   is the reference reinforcement spacing, which can be approximated empirically as    S ref  = 6  d max   , where   d max   is the maximum particle size of the soil. The equation was derived based on an inferred assumption that there was significant interaction between the soil and geosynthetic reinforcement in the soil mass [31]. Equation (1) was validated by at least 15 available field-scale experiments, if which some of them were conducted by the Federal Highway Administration [32], for materials with properties falling in the range of   10  mm <  d max  < 33  mm   and   6 <  S v  /  d max  < 20  . It is unclear whether the accuracy of the equation would still be consistent in materials with properties falling outside the above ranges, for example, for the case with the maximum aggregate size of 33 mm and    S v  /  d max  = 3  .



Failure modes are also important in determining the load-carrying capacity of GRS mass. The failure or rupture surface of the GRS mass in the field can be difficult to observe but it can be easily observed through the laboratory experiment. For example, Pham [3] dismantled their SGC specimens and removed all the geotextile sheets at the end of their stage loading and discovered that the rupture surface of their SGC mass corresponded to the location of the tensile rupture of the geotextile sheets. The failure mode of geosynthetic-reinforced soil–integrated bridge system (GRS–IBS) has also been examined by, for examples, References [10,11,14,15]. Abu–Farsakh et al. [10] conducted a finite element analysis to investigate the location of the maximum strains in the reinforcement of a GRS–IBS under service loading. Ardah et al. [11] simulated the performance of a fully instrumented GRS–IBS bridge abutment of the Maree Michel Bridge in Louisiana under various loading conditions and found that the active wedge failure analysis, which involved a rupture plane inclined at    45 o  +  ϕ o  / 2  , was not valid in the case of GRS–IBS abutments for which the failure envelope was found to extend beyond the theoretical active wedge by 40%. Zheng et al. [14] conducted a parametric study to investigate the effect of various parameters on abutment deformation and failure behavior of GRS bridge abutments using the finite-difference program FLAC2D and concluded that the failure surface followed a bilinear path, which initiated from the heel of the bridge seating. Zheng et al. [15] performed a numerical study on the maximum reinforcement tensile forces for GRS bridge abutments and found that the locus of the maximum reinforcement tensile forces at failure followed a Y-shaped pattern, initiated from the toe and heel of the bridge seating, and converges at a certain depth before extending downward to the toe of the GRS wall.



The primary goal of this study is to assess the influence of various reinforcement and backfill parameters on the mechanical responses of a large-scale experimental SGC mass in terms of wrapped-face lateral displacement, reinforcement axial strain, load-carrying capacity, and an understanding in the failure mode of the SGC mass. The influence of compaction effort on the SGC mass for closely spaced reinforcement is also studied.




2. Materials and Methods


Three large-scale SGC specimens, simulating the behavior of an on-site GRS mass, strengthened by (i) nine layers of single-sheet Geotex 4 × 4 at a vertical spacing of 0.2 m (test no. 1), (ii) four layers of single-sheet Geotex 4 × 4 at a vertical spacing of 0.4 m (test no. 2) and (iii) four layers of double-sheet Geotex 4 × 4 at a vertical spacing of 0.4 m (test no. 3) were experimentally studied by Pham [3]. The SGC specimens were 2 m high and 1.4 m wide, with an   L / H   ratio of 0.7. Rowe and Ho [33,34] and Ho and Rowe [35] concluded that there was little variation in the reinforcement forces and lateral wall deformation when the   L / H   ratio was greater than or equal to 0.7; in addition, the ratio of   L / H = 0.7   has also been recommended by AASHTO [36] for practical use.



The backfill material used in the tests consisted of crushed diabase from a source near Washington D.C. and well-graded gravelly soil with the largest particle size of 33 mm and compacted to 98% maximum dry density. The basic physical properties of the backfill were: specific gravity of soil solids = 3.0, percentage of fines = 14.6%, maximum dry unit weight = 24 kN/m   3  , and optimum water content = 5.2%. The triaxial test were conducted for specimens with a diameter of 150 mm and a height of 300 mm. Figure 1a shows that for the confining pressures of 5, 15, and 30 psi, the shear strength parameters, i.e., the peak internal friction angle   ϕ soil ′   and the apparent cohesion   c soil ′   obtained were 70 kPa (10.3 psi) and 50   ∘  , respectively, while for the confining pressures of 30, 70, and 110 psi, the shear strength parameters were 240 kPa (35.1 psi) and 38   ∘  , respectively. However, for most reinforced walls, the maximum confining pressure is always less than 30 psi [3]; therefore, the chosen shear strength parameters for the analysis were    c soil ′  = 70   kPa and    ϕ soil ′  = 50     ∘  .



The single- and double-sheet reinforcement used in this study was the Geotex 4 × 4 polypropylene (PP)-woven geotextile, which has an ultimate tensile strength—obtained using the “wide width tensile test (Figure 1b)”, in accordance with ASTM 4595 [37]—of 70 kN/m and 140 kN/m, respectively, (Figure 1c); the breakage strain of both reinforcements was at about 11.5%, and the average tensile stiffness   E A   at about 1% strain was 1000 kN/m and 2000 kN/m, respectively, for the single- and double-sheet reinforcements. During the preparation of the specimen, hollow modular concrete blocks with a dimension of 397 mm × 194 mm × 194 mm were used as a temporary facing at the wrapped-faces of the SGC mass, but they were removed prior to the application of the surcharge. The entire surfaces of the SGC specimen were vacuum-sealed with a 0.5 mm thick latex membrane; a prescribed confining pressure of 34 kPa was applied for tests 1 to 3 by connecting the latex membrane to a suction device through two 6 mm diameter flexible plastic tubes. The other two sides (front and rear) of the specimen were supported by the rigid steel framed plexiglass, for which the rupture surface could be directly observed. In addition, the principal strain normal to the direction of the plexiglass was constrained and could therefore be assumed to be constant; consequently, there was effectively zero incremental strain along the plexiglass and, hence, yielding a plane strain condition [38].



A 500-metric-tonne hydraulic jack was used to apply the vertical load via a 30 cm thick concrete pad placed on the top surface of the specimen. Linear variable displacement transducers (LVDTs) and digital dial indicators were installed on top of the concrete pad and at the discrete height of the specimens for monitoring the vertical and lateral displacements of the SGC mass. A vertical load was gradually applied until failure. The vertical failure stress and strain for test specimens no. 1, 2 and 3 were found to be approximately 2700 kPa and 6.75%, 1750 kPa and 6.1%, and 1300 kPa and 4.0%, respectively.



Figure 2 depicts the typical geometry, loading condition, interface elements, and finite element mesh configured in the simulated SGC mass. The sensitivity of mesh sizes was examined, for examples, by Wu and Pham [4] and Gui et al. [8]; the numerical results suggested that, to produce sufficiently accurate results, fine mesh without refinement should be chosen when performing simulation on the GRS problem. Thus, a fine mesh without refinement was used to discretize the model. The simulation was conducted using the two-dimensional FE program Plaxis–2D [39]. The soil and facing block were represented by the fourth-order, 15-noded triangular elements. To describe the axial forces, the geotextile was represented by a special tension 5-noded elements, while the stress–strain behavior of the granular backfill material was represented using the advanced second-order hyperbolic elastoplastic hardening soil model. This model not only separated hardening into deviatoric and volumetric hardening, by utilizing a shear and a cap yield surface, but also employed the nonlinear elastic behavior that related the elastic modulus to the stress level [40]. In this model, the limiting states of stress were described by means of the angle of friction, the apparent cohesion, and the dilatancy angle. Soil stiffness was described in the program by using three different input stiffness: the triaxial secant modulus   E 50  , the triaxial unloading modulus   E ur  , and the oedometer loading modulus   E oed  . Note that the secant modulus   E 50   is defined as the slope of a line between the origin and a specific point, i.e., the ultimate strength, in a stress–strain curve; thus, it is often called the secant modulus at 50% strength.



The input parameters for the following numerical analyses are tabulated in Table 1. The interface between the block–block, soil–block, and soil–reinforcement were simulated using the ”zero-thickness” interface elements, as characterized by the Mohr–Coulomb failure criterion, and they were defined via an interface friction angle   ϕ i  , an interface apparent cohesion   c i  , an interface dilation angle   ψ i  , and a given Poisson’s ratio   ν i   of 0.45 [39]. For simplicity, Reference [39] suggested that the values of the interface properties might also be defined via a strength/stiffness reduction factor    R i  ≤ 1.0  , where    R i  = 1.0   represents a fully bonded interface, to the properties of the adjacent soil via the following equations:


     c i     =  R i   c soil      



(2)






     ϕ i     =  tan  − 1     R i  tan  ϕ soil       



(3)






     ψ i     =     0        R i  < 1.0       ψ i         R i  = 1.0          



(4)







The numerical analysis was carried out in two stages: (i) backfilling and compaction and (ii) surcharge application to the top surface of the SGC mass. The SGC mass was constructed in stages with various thicknesses of soil lift (depending on the reinforcement vertical spacing) placed and compacted until its full height of 2 m was reached. The compaction of each soil lift was modeled by assigning an equivalent uniformly distributed load to the top and bottom surfaces of each soil lift, defined as a Type-II compaction procedure in [27], during the staged construction process (Figure 2b). Two compaction pressures: 44 and 70 kPa were considered in the FE simulation. The compaction pressure of 70 kPa represented the upper limit of the compaction-induced stress of 28.3 kPa or an equivalent total force per unit width of 53.2 kN/m produced by a light compaction equipment, whereas the compaction pressure of 44 kPa represented the compaction pressure induced by the plate compactor MBW–GP1200, as used in the SGC tests by Pham [3]. This compactor and hence the compaction pressure were different from the ones that were used by Mirmoradi and Ehrlich [27]. A confining pressure of 34 kPa, representing the vacuum pressure applied to the SGC mass, was applied to the sides and top boundaries of the following simulated SGC masses. Both the lateral and vertical displacements of the bottom boundary were restrained in the numerical model.



The vertical pressure–axial strain relationship and the lateral displacement along one of the wrapped-faces of the specimens are presented in Figure 3. Both the simulated and measured stress–strain curve, Figure 3a, were in good agreement for a vertical pressure of up to 1200 kPa for tests 2 and 3. As for that in test no. 1, the result revealed that the experimental specimen was stiffer than that adopted in the numerical simulation and hence causing a deviation in the stress–strain profile. In accordance with the requirement of References [41,42], the allowable bearing pressure of a bridge sill over reinforced-soil retaining walls is limited to 200 kPa, thus these load-carrying capacities of SGC masses are at least 6 times larger than the typical bridge abutment design load. The simulation taking into consideration the compaction effort gave a better simulation result, in particular, for test no. 1. However, the variation between the results produced using compaction pressures of 44 kPa and 70 kPa was found to be insignificant; therefore, the compaction pressure of 44 kPa was adopted in the subsequent study.



Figure 3b compares the simulated and measured lateral displacement profiles of the three SGC tests. Surcharges of 400 kPa, 1000 kPa, and 2000 kPa; 400 kPa, 800 kPa, and 1250 kPa; and 200 kPa, 300 kPa, and 1000 kPa were separately considered for tests 1, 2, and 3, respectively; for each of these surcharges a compaction pressure of 44 kPa was applied in the simulation. The compaction pressure value of 44 kPa was calculated from the actual compactor used for the experimental tests. It can be seen that there is a good agreement between the simulated and the measured lateral displacement profiles for the three SGC tests. In all the simulations, the location of the maximum lateral displacement was found to be located at the middle height of the specimens and coincided with that observed in the experiments except that in test no. 3. Based on these comparisons, we concluded that the numerical procedures and the input parameters adopted in this study were reliable and accurate.



Figure 4 shows the failure surfaces observed from the three large-scale loading tests on the SGC masses, which were conducted by Pham [3]. Tests 1 and 3 utilized a single-sheet reinforcement but in test no. 1, the reinforcement’s vertical spacing was 0.2 m while that in test no. 3, the vertical spacing was 0.4 m. Test no. 2 utilized a double-sheet reinforcement spaced at a vertical spacing of 0.4 m (Table 1). On the one hand, as seen from Figure 4, the specimen of test 1 and 3 generated a failure active wedge, which was similar to that in a bearing capacity problem, beneath the 30 cm thick concrete pad mounted on top of the specimen surface for which the surcharge load was applied. On the other hand, the specimen of test no. 2, which adopted the double-layer reinforcement, revealed a failure mode of localized-ductile failure with only one failure plane as commonly observed in a triaxial test.




3. Results


A series of parametric studies was carried out to investigate the influence of reinforcement spacing   S v  , reinforcement strength   T f  , reinforcement axial stiffness   E A  , backfill material’s average secant modulus   E 50  , and angle of internal friction   ϕ soil ′   on the response of the study SGC mass. Unless otherwise stated, a surcharge of 200 kPa, representing both the limiting design load and the serviceability stage of a bridge abutment, was applied to all the simulations; the angle of internal friction and the apparent cohesion of the backfill was 50   ∘   and 70 kPa, respectively; and the tensile strength and the axial stiffness of the reinforcement was 70 kN/m and 1000 kN/m, respectively. The responses of the reinforcement and the backfill material were expressed in terms of the load-carrying capacity and wrapped-face lateral displacement of the specimen, and the axial strain and the location of the maximum axial strain of the reinforcement at which the failure plane was most likely initiated.



3.1. Influence of Reinforcement Vertical Spacing


In this study, three different vertical spacings   S v   of 0.1 m, 0.2 m, and 0.4 m were considered and evaluated. The tensile strength of the reinforcement was 70 kN/m. Figure 5 shows the influence of the reinforcement vertical spacing, located across the specimen heights of 0.2 H, 0.4 H, 0.6 H, and 0.8 H from the base (Figure 2a), on the distribution of its axial strain. In general, the magnitude of the reinforcement axial strain increases with the increase of the reinforcement spacing, which is reasonable since a specimen with a closely spaced reinforcement would be stronger than that with a widely spaced reinforcement and hence mobilized at a relatively small strain level. For example, the maximum axial strain for the reinforcement placed across the height of 0.2 H increased from 0.10% to 0.12% when the vertical spacing was increased from 0.1 m to 0.4 m. It can also be seen that the reinforcement across the lowest (0.2 H) and highest (0.8 H) heights, in particular the one placed across the height of 0.2 H, generated their maximum axial strain near both ends of its reinforcement, i.e., at a distance of about 10% to 15% of its length from both ends, while the reinforcement at the middle two layers (0.4 H, 0.6 H) generated their maximum axial strain at the midlength of the reinforcement. In addition, it is also obvious that the variation in the axial strain profiles generated with and without the compaction effort was no more than 5%; thus, the numerical result implies that the influence of the compaction effort during the construction stage of the GRS mass had an insignificant effect on the elongation of the reinforcement axial strain.



Figure 6 shows the relation between the load-carrying capacity, the reinforcement spacing, and the reinforcement tensile strength of the studied SGC specimen. The simulation procedure for the load-carrying capacity of the SGC specimen was essentially the procedure used in the simulation of the bearing capacity of a footing as outlined in Reference [39], which is via the application of a small incremental load using the multipliers option in the program until failure. In general, the numerical result shows that the load-carrying capacity increases with the increase of the reinforcement strength but decreases with the increase of the reinforcement spacing; hence, using a closer reinforcement spacing allows the use of a reduced reinforcement strength. This finding is in agreement with the result obtained, for examples, by Leshchinsky [43], who found that the spacing between the reinforcement layers could have a major impact on the bearing capacity of an MSE wall-supported footing, and by Xu et al. [44] who found that the load-carrying capacity of a GRS mass was affected by the reinforcement spacing and the reinforcement strength.



In Figure 6, the analytical load-carrying capacity was obtained using Equation (1), which was proposed by Wu and Pham [30]; in this equation, the confining pressure   σ c   used was 34 kPa, the largest particle size   d max   was 33 mm, the angle of internal friction of the backfill—required for calculating the coefficient of Rankine passive earth pressure   K p  —was 50   ∘  , and the apparent cohesion   c ′   was 70 kPa. The numerical result for    T f  =   23.3 kN/m and 70 kN/m are in good agreement with the analytical result.



One of the major findings in this paper is proposing a semiempirical equation, which is simple and conservative, for quickly estimating the load-carrying capacity of the studied SGC mass with only two reinforcement parameters:


   q ult  = 57    T f    S v    



(5)







Since it is a semiempirical equation, the unit for   T f  ,   S v  , and   q ult   must be in kN/m, m, and kPa, respectively. The equation implicitly considers the shear strength of the backfill (   ϕ ′  =  50 o  ,  c ′  = 70   kPa) adopted in the numerical analysis and, therefore, may be unsuitable for estimating the load-carrying capacity of a backfill with different shear strength values. However, it shows that the ultimate load-carrying capacity of the SGC mass is proportional to the square root of the tensile strength and inversely proportional to the vertical spacing of the geotextile. A comparison of the load-carrying capacity result obtained using Equation (5) and the numerical analysis is shown in Figure 6, where the black dotted lines denote the load-carrying capacity profiles estimated using Equation (5) for reinforcement strengths   T f   of 23.3 kN/m and 70 kN/m. A numeric comparison between the result of the FE simulation and Equation (5) was also made and is discussed later in Table 2. The load-carrying capacity estimated using Equation (5) is in good agreement with that of Equation (1) for a reinforcement with tensile strengths of 23.3 and 70 kN/m; the result of the black dotted line seems to be much more closer to that derived from the numerical analysis.




3.2. Influence of Reinforcement Axial Stiffness


The axial stiffness   E A   of a geotextile can be defined as the ratio of the tensile strength and the average width elongation. Aging may promote the degradation of the reinforcement and hence its axial stiffness during the serviceability stage of the SGC mass. Therefore, it is necessary to examine the influence of the axial stiffness on the axial strain and the load-carrying capacity of the reinforcement. A common value for the axial stiffness is about 1000 kN/m; adopting a factor of three, three different reinforcement axial stiffness were considered: 333 kN/m, 1000 kN/m, and 3000 kN/m. The vertical spacing of the reinforcement was fixed at 0.2 m. Figure 7 presents the distribution of the axial strain of the reinforcement placed across the specimen heights of 0.2 H, 0.4 H, 0.6 H, and 0.8 H, as measured from the base of the specimen. As in the study on the influence of reinforcement vertical spacing, it can be seen that the reinforcement placed at the lowest (0.2 H) and the highest (0.8 H) heights generated their largest axial strain near both ends of the reinforcement, and at a distant of about 10% to 20% of its length, whereas the reinforcements of the middle two layers (0.4 H, 0.6 H) generated their largest axial strain at the midlength of the reinforcement. In addition, it was found that the magnitude of the maximum axial strain decreased with the increase of the reinforcement stiffness. For example, the maximum axial strain for the reinforcement placed across the specimen height of 0.2 H decreased from 0.14% to 0.08% when the reinforcement stiffness increased from 333 kN/m to 3000 kN/m.



Figure 8 shows the effect of the reinforcement stiffness   E A   on the load-carrying capacity of the studied SGC specimen. The tensile strength of the reinforcement was 70 kN/m. The reinforcement stiffness had different effects on the load-carrying capacity of the SGC specimen; for a particular spacing, the effect of the reinforcement stiffness on the load-carrying capacity was greater between the   E A   values of 333 kN/m and 1000 kN/m. In other words, the numerical result showed that the effect of   E A   was more apparent between 333 kN/m and 1000 kN/m than that between 1000 kN/m and 3000 kN/m. This effect was magnified when the vertical spacing of the reinforcement was reduced from 0.4 m to 0.1 m. The result suggested that for a consistent performance of the reinforcement, the reinforcement to be adopted should have a stiffness of at least 1000 kN/m.




3.3. Influence of Secant Modulus   E 50  


In Plaxis [39], the shear behavior of the soil was represented by the secant modulus   E 50   and the unloading–reloading modulus   E ur  , while the volumetric behavior was represented by the tangent modulus for a primary oedometer loading   E oed  . Schanz and Vermeer [45] reported that the secant modulus   E 50   of sandy soils was closely related to the one-dimensional oedometer modulus   E oed  , i.e.,    E 50  ≈  E oed   , and that the unloading–reloading modulus   E ur   was about three times the secant modulus   E 50  , i.e.,    E ur  ≈ 3  E 50   . Three different values of   E 50   were considered and evaluated in this study:    1 3   E 50   ,   E 50  , and   3  E 50   , where   E 50   was taken as 62.4 MPa—the value obtained and adopted by Pham [3] in their simulation of the behavior of a series of large-size generic soil-geosynthetic composite (GSGC); as before, the tensile strength of the reinforcement was 70 kN/m.



Figure 9 presents the distribution of the reinforcement axial strain placed across the specimen heights of 0.2 H, 0.4 H, 0.6 H, and 0.8 H. Again, it can be seen that the reinforcements located at the lowest (0.2 H) and the highest (0.8 H) heights generated their largest axial strain near both ends of the reinforcement, about 0.2∼0.3 m from its ends, while the reinforcement placed at the middle height of the specimen (0.4 H, 0.6 H) generated their largest axial strain at the midlength of the reinforcement. In general, the axial strain profile increases with a decrease in the secant modulus   E 50  . For example, for the reinforcement across the height of 0.2 H from the base of the specimen and with a vertical spacing   S v   of 0.2 m, the maximum axial strain increased from about 0.12% to about 0.24% when the secant modulus was decreased from 187.1 MPa to 20.8 MPa. Obviously, the secant modulus had a significant influence on the axial strain of the reinforcement. Under the same applied load, as the soil became stiffer, the internal force mobilized in the reinforcement was smaller. This finding is in agreement with the results obtained by Wu et al. [6] and Hoffman and Pham [46]; both reported that the secant modulus was the most important factor influencing the stress–deformation behavior of the GRS mass. However, the variation in the axial strain due to the various compaction effort was, again, found to be insignificant.




3.4. Influence of Angle of Internal Friction


Three different angles of internal friction, 40   ∘  , 45   ∘  , and 50   ∘  , of the backfill were considered and evaluated in this study. Figure 10 shows the axial strain distribution of the reinforcement placed at various heights of the specimen. As in the previous cases, it can be seen that the reinforcement across the lowest (0.2 H) and highest (0.8 H) heights generated their maximum axial strain near both ends of its reinforcement, while the reinforcement at the middle two layers (0.4 H, 0.6 H) generated their maximum axial strain at the midlength of the reinforcement. The magnitude of the reinforcement’s maximum axial strain decreased with an increase in the angle of internal friction. For example, for the reinforcement placed at 0.2 H from the base of the specimen, the maximum axial strain increased from 0.11% for an angle of internal friction of 50   ∘   to about 0.19% for an angle of internal friction of 40   ∘  .



Figure 11 shows the effect of the angle of internal friction of the backfill on the load-carrying capacity of the studied SGC specimen. The load-carrying capacity was found to be proportional to the angle of internal friction, but inversely proportional to the vertical spacing. This numerical finding agrees with the results of Xu et al. [44], in which they concluded that the angle of internal friction of the backfill had a significant effect on the load-carrying capacity of the GRS mass. The numerical result was also compared to the analytical result calculated using Equation (1); both the numerical and analytical results showed the same trend of a nonlinear relation on the load-carrying capacity for the values of the angle of internal friction considered here. In general, the numerical result underestimated the load-carrying capacity calculated by the analytical Equation (Equation (1)).





4. Discussion


4.1. Influence of Reinforcement Stiffness and Spacing on Lateral Displacement


Figure 12 reveals the effect of varying the ratio of the reinforcement stiffness and reinforcement spacing on the lateral displacement of the SGC specimen’s wrapped face. For an   S v   of 0.2 m, the corresponding range of the reinforcement stiffness was   500 < E A < 2000   kN/m, while for an   S v   of 0.4 m, the corresponding range was   1000 < E A < 4000   kN/m. The simulated result showed that the lateral displacement reduced significantly with the increase of the ratio of   E A /  S v   ; specifically, for a particular vertical spacing, the lateral displacement reduced with the increase of the reinforcement stiffness. For the range of values considered here, for    S v  =   0.4 m, the reduction was 48.9% while for    S v  =   0.2 m the reduction was 54.8%, leading to an average reduction of about 50% in the magnitude of the lateral displacement. For a constant   E A /  S v    ratio of 10,000 kN/m/m, the variation between the simulated lateral displacements for an   S v   of 0.2 m (  E A   = 2000 kN) and 0.4 m (  E A   = 4000 kN) was only 1.25 mm. The result implies that the reinforcement stiffness plays a slightly greater role than the reinforcement spacing in the lateral displacement of the SGC specimen.




4.2. Influence of Reinforcement Strength and Spacing on Load-Carrying Capacity


Figure 13 reveals the effects of reinforcement spacing and reinforcement strength on the load-carrying capacity of the study SGC specimen obtained from the FE analysis. To achieve the    T f  /  S v    ratio of 175, 233, 350, and 700, a variety of reinforcement strengths between 17.5 kN/m and 280 kN/m and reinforcement spacings between 0.1 m and 0.4 m were considered. The figure shows that the load-carrying capacity of SGC specimen increases with the increase of the reinforcement strength but decreases with the increase of the reinforcement spacing. On one hand, it can be seen that at the reinforcement strength of 17.5 kN/m, the load-carrying capacity is decreasing linearly with the increase of the reinforcement spacing, while at the reinforcement strength of 280 kN/m, the load-carrying capacity is decaying exponentially with the increase of the reinforcement spacing. On the other hand, the load-carrying capacity is exponentially correlated to the reinforcement strength at the reinforcement spacing of 0.1 m but is logarithmically correlated at the reinforcement spacing of 0.4 m. The logarithmic relation indicates that the reinforcement strength in the SGC specimen could not be efficiently mobilized for enhancing the shear strength of the composite mass and hence its load-carrying capacity.



Table 2 shows that by reducing both the reinforcement strength and reinforcement spacing simultaneously to produce a fixed ratio of reinforcement strength/reinforcement spacing, i.e.,    T f  /  S v    = 350, the load-carrying capacity of the SGC specimen doubled from 1656 kPa (  T f   = 140 kN/m and   S v   = 0.4 m) to 3181 kPa (  T f   = 35 kN/m and   S v   = 0.1 m). The load-carrying capacity of the composite mass in the case of   T f   = 140 kN/m and   S v   = 0.4 m was only 56% of the load-carrying capacity in the case   T f   = 70 kN/m and   S v   = 0.2 m, while in the case of   T f   = 70 kN/m and   S v   = 0.2 m, the load-carrying capacity was about 93% of that in the case of   T f   = 35 kN/m and   S v   = 0.1 m. Perhaps the reinforcement spacing played a much more important role than the strength of the reinforcement in the load-carrying capacity of the studied SGC specimen. The numerical result is in good agreement with the data observed by Pham [3], where the load-carrying capacity of their experimented composite mass in test no. 2 (2  T f   = 140 kN/m and   S v   = 0.4 m) was 65% of the load-carrying capacity of their test specimen no. 1 (  T f   = 70 kN/m and   S v   = 0.2 m). Pham [3] attributed this disproportionate decrease to the composite behavior created by the interface friction between the geosynthetic reinforcement layers and the backfill materials, in which a closer spacing resulted in increasing the lateral confinement and, hence, increasing the stiffness and load-carrying capacity of the SGC mass. Using the combination of a very close reinforcement spacing such as 0.1 m and a high reinforcement strength such as 280 kN/m resulted in an unnecessary high load-carrying capacity of the SGC mass. Figure 13 implies that a reasonable combination of   (  S v  ,  T f  )   would be between (0.1 m, 70 kN/m) and (0.4 m, 280 kN/m), for which the load-carrying capacity reduces linearly between 5600 kPa and 2500 kPa, respectively.




4.3. Failure Surface of SGC Mass


Pham [3] observed that the failure surface of their SGC mass corresponded to the location of the tensile rupture or maximum strain of their geogrid layers. Figure 14 denotes the location of the reinforcement’s maximum axial strain with normalized depth observed from all the analyses. It can be seen that the location of the maximum axial strain developed in the reinforcement as a result of altering the reinforcement vertical spacing, reinforcement stiffness, soil secant modulus, and angle of internal friction did not vary a lot.



The failure surface observed in the SGC test specimen no. 1 of Pham [3], Figure 14, was also added to this figure using the hexagram; clearly the failure surface is incompletely developed. The failure surface on the right-hand-side of the active wedge continued to develop diagonally downwards following the path of the blue dotted line, which could well be the failure surface or the  β –slip line of the radial shear (fan) zone. Obviously, one should not expect a complete development of the failure surface beneath the concrete pad (footing) as the composite specimen did not have sufficiently far side boundaries. A rigid boundary, if not a sufficiently far boundary, is required for the generation of a complete failure surface that eventually extends to the top surface [47]. In addition, the soil mass supporting the concrete pad might have insufficient restraint at the side boundaries, which were both wrapped-faces and supported by a confining pressure of only 34 kPa, which was constantly maintained during testing by a vacuum pressure of 34 kPa.



The experimental failure surface (red dotted line) has an inclination angle of about 62.7   ∘  . According to the Mohr–Coulomb failure criterion, failure occurs on the plane with the maximum ratio of shear stress and normal stress; thus, the theoretical inclination angle  θ  of the Rankine active wedge is    45 o  +  ϕ ′  / 2  , leading to a backcalculated internal friction angle of 35.4   ∘  , which is smaller than the peak internal friction angle of 50   ∘   obtained from a series of 150 mm diameter by 300 mm high triaxial tests performed on unreinforced soil. A similar result was also observed in [32]. Based on the rupture pattern of the geotextiles in their test specimen no. TF–6 and an inclination angle of 62.9   ∘  , Nicks et al. [32] obtained a backcalculated internal friction angle of 35.8   ∘  , which was 25% smaller than the peak internal fiction angle obtained from the triaxial test of unreinforced soil. At first, one may argue that the shear strength of soil decreased with an increase in the specimen size [48] and hence the 2 m high by 1.4 m wide SGC mass should possess a smaller angle of friction than that measured from the medium size (150 mm diameter by 300 mm high) triaxial apparatus. However, such a direct comparison might be impractical because the SGC mass was a reinforced mass while that used in the triaxial test was unreinforced specimen.



The failure surface generated in the study SGC mass cannot be compared to that observed in the geosynthetic-reinforced soil–integrated bridge system (GRS–IBS). For examples, Zheng et al. [14], who investigated the pattern of the failure surface of GRS–IBS, found that the failure surface developed from the heel of the bridge seat to the toe of the abutment but their failure surface first migrated downward from the heel of the bridge seat and then diagonally to a point beneath the toe of the GRS wall; while Ardah et al. [11] found out that the failure envelope of GRS–IBS abutments extends beyond the theoretical value (   45 o  + ϕ / 2  ) by as much as 40%. Although both the GRS–IBS and SGC mass have the same design philosophy, i.e., the reinforcements mechanism is considered to be part of a composite material due to the interaction between closely spaced reinforcements and backfill material, their surcharge loading is different. In the SGC mass, the surcharge was uniformly applied to the entire surface of the soil mass, while in the GRS–IBS, the surcharge was applied to the bridge seating located only on one side of the soil mass [11]. This may be the reason for the variation in the pattern of failure surface observed in the SGC mass and GRS–IBS. A series of performance tests for GRS revealed that the failure surfaces of reinforced soil composite were not the same as those in Rankine’s theory and the backcalculated angle of friction for the composite mass was about 15% to 25% smaller than that of the unreinforced soil [49]; therefore, the method of determining friction angles from failure surfaces for unreinforced soil was not suitable for reinforced soil mass.





5. Conclusions


A series of numerical analyses were performed to simulate the responses of an experimental soil-geosynthetic composite (SGC) mass under various parameters such as the reinforcement spacing, reinforcement stiffness, soil modulus, and angle of internal friction of the backfill. The responses of the studied SGC mass were evaluated in terms of the reinforcement axial strain, lateral deformation of wrapped faces, and load-carrying capacity of the specimen. The failure surface of the SGC mass was also compared to that in the GRS–IBS system. Based on the results from this parametric study, the following conclusions can be made:




	
In general, the variation of the reinforcement spacing, reinforcement stiffness, soil modulus, and angle of friction of the backfill had negligible effect on the level of the reinforcement’s maximum axial strain, which corresponded to the possible rupture or failure surface of the composite mass.



	
The study showed that the influence of the reinforcement stiffness   E A   on the load-carrying capacity of the composite mass was more apparent when   E A   was between 333 kN/m and 1000 kN/m than between 1000 kN/m and 3000 kN/m. The result suggested that for a consistent performance, the geotextile reinforcement to be adopted should have an axial stiffness   E A   of at least 1000 kN/m.



	
Wu–Pham’s equation performed well in estimating the load-carrying capacity of the composite mass with reinforcement strengths   T f   of 23.3 kN/m and 70 kN/m, a range of internal friction angles of 40    ∘  ≤  ϕ ′  ≤ 50     ∘  , and a range of reinforcement spacings of   0.2  m ≤  S v  ≤ 0.4  m  .



	
Based on the result of the same reinforcement strength and reinforcement spacing ratio (Table 2), the reinforcement spacing was found to have a more profound effect than the reinforcement strength on the load-carrying capacity of the composite mass. This behavior was mainly attributed to the composite behavior created by the interface friction between the closely spaced geosynthetic-reinforcement layers and the backfill, in which a closer spacing resulted in an increased lateral confinement and hence, increasing the stiffness and load-carrying capacity of the SGC mass. A reasonable combination of   (  S v  ,  T f  )   was recommended, which is between (0.1 m, 70 kN/m) and (0.4 m, 280 kN/m), for which the load-carrying capacity reduced linearly between 5600 kPa and 2500 kPa, respectively.



	
The failure surface of the composite soil mass beneath the concrete pad was found to be different from that observed in the GRS–IBS system, and that of the unreinforced soil; using the Rankine active wedge theory and the Mohr–Coulomb failure criterion, the backcalculated angle of friction of the SGC mass was found to be about 15% to 25% less than that of unreinforced soil. Thus, the failure mode of the GRS composite was different from that of the unreinforced soil and did not follow the Rankine—Mohr–Coulomb failure mode.








More work on the mechanical properties of the GRS composite, the combined effect of reinforcement and soil properties, and Wu–Pham’s load-carrying capacity equation would be necessary before such advantage could be realized in practice. Furthermore, it is recommended that artificial intelligence (AI) or machine learning (ML) be considered in future studies to extract useful relationships from the results of this parametric study, which was validated via experimental data.
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Figure 1. Materials properties: (a) shear strength parameters of the study backfill; (b) uniaxial tensile test of a 300 mm wide by 150 mm long Geotex 4 × 4 PP-woven geotextile; (c) obtained tensile strength of the single- and double-sheet geotextiles (Pham [3]). 
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Figure 2. (a) Schematic diagram and configuration of a typical SGC mass; (b) uniformly distributed load adopted in the simulation of the compaction effect of the SGC specimen; (c) a typical finite element mesh used in the numerical simulation. 
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Figure 3. (a) Simulated and measured applied vertical pressure vs. axial strain and (b) simulated (with a compaction pressure of 44 kPa) and measured lateral displacement along the specimen height of the three SGC tests performed by Pham [3]. 
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Figure 4. Failure patterns observed from the experimental SGC masses performed by Pham [3]. (a) Test no. 1; (b) test no. 2; and (c) test no. 3. 
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Figure 5. Influence of reinforcement vertical spacing, under a surcharge (service load) of 200 kPa, on the distribution of reinforcement’s axial strain at (a) 0.8 H, (b) 0.6 H, (c) 0.4 H, and (d) 0.2 H of the specimen. 
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Figure 6. Relation between load-carrying capacity and reinforcement spacing of the study SGC mass. 
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Figure 7. Influence of reinforcement axial stiffness   E A  , under a surcharge (service load) of 200 kPa, on the distribution of reinforcement axial strain at (a) 0.8 H, (b) 0.6 H, (c) 0.4 H, and (d) 0.2 H of the specimen. 






Figure 7. Influence of reinforcement axial stiffness   E A  , under a surcharge (service load) of 200 kPa, on the distribution of reinforcement axial strain at (a) 0.8 H, (b) 0.6 H, (c) 0.4 H, and (d) 0.2 H of the specimen.



[image: Sustainability 14 09629 g007]







[image: Sustainability 14 09629 g008 550] 





Figure 8. Relation between load-carrying capacity and reinforcement stiffness   E A   of the study SGC mass. 
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Figure 9. Influence of secant modulus   E 50   of soil, under a surcharge (service load) of 200 kPa, on the distribution of reinforcement axial strain at (a) 0.8 H, (b) 0.6 H, (c) 0.4 H, and (d) 0.2 H of the specimen. 
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Figure 10. Influence of angle of internal friction, under a surcharge (service load) of 200 kPa, on the distribution of reinforcement axial strain at (a) 0.8 H, (b) 0.6 H, (c) 0.4 H, and (d) 0.2 H of the specimen. 
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Figure 11. Relations between load-carrying capacity and angle of internal friction of the study SGC specimen with various vertical spacing. 
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Figure 12. Relation between the open face lateral displacement and the ratio of reinforcement stiffness and reinforcement spacing of the study GRS mass. 
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Figure 13. Relation between load-carrying capacity, reinforcement strength, and reinforcement spacing of the study GRS mass. 
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Figure 14. Locations of the maximum axial strain of reinforcement generated under different reinforcement spacings (Figure 5), axial stiffness (Figure 7), secant modulus (Figure 9), and angle of internal friction (Figure 10) and that observed by Pham [3] in their SGC specimen no. 1. 
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Table 1. Parameters involved in the experimental and finite element analyses.
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	Materials Properties
	Test No.1
	Test No. 2
	Test No. 3





	Soila
	
	
	



	Model
	Hardening Soil
	Hardening Soil
	Hardening Soil



	Unit weight   γ soil   (kN/m   3  )
	25
	25
	25



	Dilation angle    ψ soil     ( o  )   
	19
	19
	19



	Peak internal friction angle,    ϕ soil ′     ( o  )   
	50
	50
	50



	Apparent cohesion   c soil ′   (kPa)
	70
	70
	70



	Maximum particle size   d max   (mm)
	33
	33
	33



	Secant modulus   E 50   (kPa)
	62,374
	62,374
	62,374



	Unloading modulus    E ur  = 3  E 50    (kPa)
	187,122
	187,122
	187,122



	Stress dependence exponent m
	0.5
	0.5
	0.5



	Poisson’s ratio   ν soil  
	0.2
	0.2
	0.2



	  P ref   (kPa)
	100
	100
	100



	Reinforcement
	Single-sheet
	Double-sheet
	Single-sheet



	
	Geotex 4 × 4
	Geotex 4 × 4
	Geotex 4 × 4



	Model
	Elastic–perfectly plastic
	Elastic–perfectly plastic
	Elastic–perfectly plastic



	Elastic axial stiffness   E A   at 1% strain (kN/m)
	1000
	2000
	1000



	Tensile strength   T f   (kN/m)
	70
	140
	70



	Reinforcement spacing   S v   (m)
	0.2
	0.4
	0.4



	Modular Block
	
	
	



	Model
	Linear elastic
	Linear elastic
	Linear elastic



	Unit weight  γ  (kN/m   3  )
	12.5
	12.5
	12.5



	Poisson’s ratio  ν 
	0
	0
	0



	Stiffness modulus (kPa)
	3   ×  10 6   
	3   ×  10 6   
	3   ×  10 6   



	Block–Block Interfaceb
	
	
	



	Model
	Mohr–Coulomb
	Mohr–Coulomb
	Mohr–Coulomb



	Poisson’s ratio   ν i  
	0.45
	0.45
	0.45



	Friction angle    ϕ i     ( o  )   
	33
	33
	33



	Apparent cohesion   c i   (kPa)
	2
	2
	2



	Stiffness modulus   G i   (kPa)
	3   ×  10 6   
	3   ×  10 6   
	3   ×  10 6   



	Soil–Block Interfaceb
	
	
	



	Model
	Mohr–Coulomb
	Mohr–Coulomb
	Mohr–Coulomb



	Poisson’s ratio   ν i  
	0.45
	0.45
	0.45



	Friction angle    ϕ i     ( o  )   
	33.33
	33.33
	33.33



	Apparent cohesion   c i   (kPa)
	46.67
	46.67
	46.67



	Stiffness modulus   G i   (kPa)
	74,830
	74,830
	74,830



	Soil–Reinforcement Interface
	
	
	



	Model
	Mohr–Coulomb
	Mohr–Coulomb
	Mohr–Coulomb



	Poisson’s ratio   ν i  
	0.45
	0.45
	0.45



	Friction angle    ϕ i     ( o  )   
	43.63
	43.63
	43.63



	Apparent cohesion   c i   (kPa)
	56
	56
	56



	Stiffness modulus   G i   (kPa)
	106,685
	106,685
	106,685



	Geometrical Configuration
	
	
	



	Wall height H (m)
	2
	2
	2



	Wall aspect ratio L/H
	0.7
	0.7
	0.7







a Soil properties were derived from a series of laboratory tests by Reference [3]. b Material properties of block interfaces were obtained by Reference [3].
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Table 2. Load-carrying capacity of SGC mass under various combinations of reinforcement spacing and strength.
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    S v    

	
    T f    

	
     T f  /  S v     

	
Numerical Result

	
Equation (5)

	
Difference between Proposed Equation (5) and Numerical Result




	
(m)

	
(kN/m)

	

	
(kPa)

	
(kPa)

	
(%)






	
0.1

	
35

	
350

	
3181

	
3372

	
6.00




	
0.2

	
70

	
350

	
2957

	
2384

	
−19.38




	
0.3

	
105

	
350

	
1787

	
1947

	
8.95




	
0.4

	
140

	
350

	
1656

	
1686

	
1.81
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