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Abstract

:

Fill compaction in the construction of Geosynthetic Reinforced Soil (GRS) mass is typically performed by operating a vibratory or roller compactor, which in turns imposed a compaction load in direction perpendicular to the wall face. The compaction process resulted in the development of the so-called compaction-induced stress (CIS), which may subsequently increase the stiffness and strength of the fill material. Compaction process is normally simulated using one of the following compaction procedures—(i) a uniformly distributed load acting on the top surface of each soil lift, (ii) a uniformly distributed load acting on the top and bottom surface of each soil lift, and (iii) a moving strip load with different width. Uncertainties such as compaction procedures, compaction and surcharge loads led to the disparity in studying the mechanism of GRS mass. This paper aimed to study the impact of compaction load, compaction procedure, surcharge load and CIS on the stress-deformation behavior of GRS mass via the simulation of a 2 m high Soil Geosynthetic Composite (SGC) mass and a 6 m high GRS mass. The results were examined in terms of reinforcement strains, wall lateral displacements, and net CIS. Results from the analysis show the important impacts of compaction conditions on the stress-deformation behavior of SGC mass and the CIS.
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1. Introduction


Reinforced soil walls was introduced some sixty years ago in the 1960s; the technology incorporated metallic strips in the compacted fill together with a wall face to gain and maintain stability. Polymeric geosynthetics was later replaced the metallic strips as reinforcement. The reinforced soil walls are designed by considering the strips as quasi-tieback tension members, and are commonly designed using the design methods such as the American Association of State Highway Transportation Officials Specifications (AASHTO) ([1]), Design and Construction Guidelines of Federal Highway Administration (FHWA) ([2]), Design Manual of National Concrete Masonry Association (NCMA) ([3]), and so on.



Geosynthetic-Reinforced Soil (GRS) mass is normally comprised of soil and layers of geosynthetic reinforcement; GRS is, thus, not a uniform mass. The significant beneficial effect of placing sheet reinforcements have gained increasing attention in recent years. Early studies mainly focused on the influence of reinforcement spacing in actual construction and results validated by field-scale experiments. For example, Reference [4] performed large unconfined compression tests with non-woven geotextiles to evaluate the behavior of reinforced soil under various spacings; Reference [5] reported the results of five GRS mini piers experiments performed to appraise the effect of reinforcement spacing and reinforcement strength on the performance of a GRS mass; Reference [6] performed five field-scale soil-geosynthetic composite (SGC) tests to assess the effect of reinforcement spacing and reinforcement strength on the performance of the SGC mass. These experiments not only revealed that spacing plays a much greater role than the strength of the reinforcement, but also established that the behavior of reinforced soil with closely spaced geosynthetic reinforcement can be accurately characterized as a Soil Geosynthetic Composite (SGC). The stress-deformation behavior of a GRS mass can be studied in the laboratory via a sufficiently large-size specimen of soil and reinforcement, which is capable of producing a representative Soil-Geosynthetic Composite (SGC) in a plane strain condition.



When a soil mass is subjected to an additional vertical load, it will generally resulted in an increase in the vertical and horizontal stresses in the soil mass. If the additional vertical load is subsequently removed, the increase in the vertical stress would diminish to a very small value or zero, the increase in horizontal stress might, however, be only diminished slightly. The net increase in the horizontal stress that “remained” in the soil mass is commonly called the “lock-in” lateral stress. An increase in vertical load followed by its subsequent removal is usually encountered in fill compaction during the construction of GRS mass. The “lock-in” lateral stress due to such compaction is defined here as the “Compaction-Induced Stress” (CIS).



The CIS in a soil mass has been the subject of study by many authors. For instance, Reference [7] presented a theory to calculate compaction-induced residual lateral earth pressures of a frictionless, rigid, vertical and non-yielding wall; Reference [8] analytically examined the effects of compaction at various levels of fill behind a retaining wall; Reference [9] used a   K 0  -based nonlinear and a   K 0  -based bi-linear models to simulate compaction operation of GRS mass and obtained good agreement between the simulated CIS results and the measured data of unreinforced earth retaining walls; subsequently, References [10,11] suggested that CIS could be calculated using either the simplified bi-linear model, or the nonlinear model but with the aid of finite element analysis; based on the studies of References [9,10], References [12,13] used a simplified stress path that was developed based on—(i) the model introduced by Reference [9], (ii) the companion hand-calculation procedure for an unreinforced soil mass by Reference [10], and (iii) the concept of average stress of SGC behavior proposed by Reference [14], to demonstrate that the CIS at any given location, as a result of multiple passes of a compactor moving towards or moving away from that location, could be estimated by applying the compaction load directly at the location under review.



Numerical methods have been extensively utilized for analyzing the behavior of GRS walls. References [15,16] numerically simulated the response of a full scale GRS modular block retaining wall undertaken at Royal Military College and compared the simulated response with the physical data obtained from project; a series of paper by References [17,18,19,20] were aimed to validate the numerical procedures of modeling CIS and investigate the combined effects of different controlling factors (i.e., wall height, stresses induced during backfill compaction, reinforcement stiffness, toe conditions, and facing stiffness) on the response of GRS walls under working stress conditions; Reference [21] predicted the performance of two well instrumented wrapped-face walls reinforced with either a welded steel wire mesh or a biaxial polypropylene geogrid, the reinforcement was represented by a general hyperbolic (nonlinear) axial load-strain-time model and the result for the welded steel wire mesh wall showed a better agreement with the measured data than that of the biaxial polypropylene geogrid wall. If aided by experimental and field measured data, the numerical methods have many advantages such as obtaining more comprehensive results, and investigating the effects of various parameters, which are difficult or costly to achieve in the laboratory and field tests. Two-dimensional (2D) numerical studies have been conducted by References [6,12,22,23] to evaluate the composite behavior of the GRS wall constructed by Reference [6] under static loading condition. In particular, Reference [6] conducted a series of finite element analyses to examine the effect of specimen dimensions on the resulting global stress-strain and volume change relationships of SGC mass with the aim to determine the proper dimensions of a generic SGC that will produce load-deformation behavior sufficiently close to that of a large SGC mass. Reference [12] compared the hand-calculated compaction pressure of a 6-m high SGC mass obtained from their proposed analytical CIS model with that obtained from the finite element analysis; Reference [22] performed a series of parametric study to examine the effects of reinforcement spacing, reinforcement stiffness, and soil stiffness on volume change behavior of a SGC mass; while Reference [23] numerically studied the effects of CIS, reinforcement strength, and soil dilation angle on the stress-deformation behavior of a SGC mass.



Many studies (see, for examples, References [6,12,13,15,16,21,24,25]) have evaluated the CIS due to fill compaction by simply simulating the compaction load as a uniform load applied at the top surface of each newly placed fill layer as the wall was constructed from the bottom up. Mirmoradi and Ehrlich ([18,20]) have, however, tried to evaluate the CIS due to compaction by applying a uniformly distributed load at the top and bottom surfaces of each soil layer. The applied compaction load was removed prior to the placement of the next soil lift. The compaction energy used in these simulation was very low; as a result, the magnitude of the CIS was also very small, resulting in an insignificant effect of CIS on the reinforcement global stress-strain relationship.



Reference [26] suggested that the equivalent compaction load approach used in the simulation of the GRS walls of Reference [20] could likely be affected the compaction load, compactor type, soil type, soil placement condition, fill thickness, boundary conditions, and the soil model employed in the analysis. They further elaborated that CIS could be accurately assessed by simulating the compaction load as a point or limited-area load at location considered, not as a uniformly distributed load over the entire top surface or a wide strip load on the newly placed soil lift. These uncertainties led to the disparity in the application of the equivalent compaction load approach.



The objective of this study is to examine the impacts of several factors such as compaction procedures, compaction load, and surcharge load on the stress-deformation behavior and the development of CIS in GRS mass. The objective is achieved by mean of numerical simulation. A fully instrumented 2 m high SGC mass will first be used to calibrate the numerical procedures and more comprehensive results be obtained by incorporating the above factors into current parametric study. Finally, the mechanism of CIS will be investigated via the simulation of a hypothetical 6 m high GRS mass.




2. Compaction-Induced Stress


During the construction of GRS walls, fill compaction is typically carried out by operating a vibratory or roller compactor, which in turns imposed a compaction load to the newly placed soil lift in the form of a moving point or a moving strip load. References [6,12] used the stress path proposed by References [9,10,11] to show that the CIS at any given location, as a result of multiple passes of a compactor moving towards or moving away from the wall, could be assessed by applying a compaction load directly over the location considered.



When a soil mass is subjected to a surcharge, there would generally be an increase in the vertical and horizontal stresses in the soil mass. When a compaction load is added to I-I (Figure 1a), its horizontal stress at depth z would increase corresponding to the stress path AB (Figure 1b). As the compaction load moves away from I-I, the horizontal stress would begin to decrease following the stress path BC. AC is thus the increment of the horizontal stress after the compaction load is removed. This increase in horizontal stress and, hence, the confining pressure would lead to an increase in the stiffness and strength of the soil mass ([6,12]).



References [6,12] proposed a procedure to calculate the increase in lateral stress in a reinforced soil mass caused by backfill compaction:


  Δ  σ  h , c  ′  =  ( Δ  σ  v , c  max  ′  )   (  K  i , c   )   ( F )    1 +   0.7  E r     E s   S v  − 0.7  E r      ,  



(1)




where   Δ  σ  v , c  max  ′    is the maximum increase of the “vertical” stress (point B in Figure 1b) due to fill compaction, which can be calculated using the Westergaard solution ([27]), for simplicity it is taken as the compaction load q in this study;   K  i , c    is the coefficient of lateral earth pressure of a GRS mass for initial loading, which is generally taken as:


   K a  ≤  K  i , c   ≤  K 0    o r    tan 2    45 o  −   ϕ ′  2   ≤  K  i , c    ( = β  K a  )  ≤ 1 − sin  ϕ ′  ,  



(2)




where   1.0 ≤ β ≤ 1.5   ([12]);   E s   is the stiffness of the soil (kPa),   E r   and   S v   is, respectively, the stiffness (kN/m) and spacing (m) of the reinforcement. The value of F has been given by References [9,28] using:


  F = 1 −   OCR −   OCR   sin ϕ     OCR − 1   ,  



(3)




where  OCR  and   ϕ ′   is the over-consolidation ratio, and the internal friction angle, respectively.



The lower and upper limits of the compaction-induced stress for “un-reinforced” soil has been proposed by Reference [29] as:


  0.45   γ Q   ≤ CIS ≤ 0.90   γ Q   ,  



(4)




where  γ  is the as-compacted unit weight of the fill, and Q is the maximum force per unit length of the compactor due to the combined action of gravity and cyclic accelerations. The compaction stresses should not then exceed the larger of   0.45   γ Q     for the free field, and   0.90   γ Q     for the zone near the wall ([29]). Reference [26] has recommended the use of Bolton’s upper and lower limits of CIS value could be adopted for the preliminary analysis and design of GRS mass structures.



Table 1 and Table 2, respectively, summarizes the CIS value of the various types of light soil compacting equipment (vibratory plate compactor), and heavy soil compacting equipment (vibratory roller compactor), as reported in References [6,19,24,26,30] and equipment’s manufactures ([31,32]).



It can be seen that the ranges of the CIS values for “un-reinforced” fill for the light compaction vibratory plate compactor and the heavy compaction vibratory roller compactor fall between: 14.3∼28.6 kPa, and 15.3∼30.6 kPa, respectively. The upper limit of the CIS values of 28.3 kPa (for light compaction equipment) and 30.3 kPa (for heavy compaction equipment) corresponded, respectively, to an equivalent total force per unit width Q of 53.2 kN/m and 61 kN/m. Note that, these CIS values corresponding to equipment with plate or roller width w ranges from 0.25 to 0.75 m, and from 0.391 to 2.080 m, for vibratory plate soil compactor and vibratory roller soil compactor, respectively. Clearly, for geosynthetic reinforced soil (GRS), the values of the compaction-induced stresses are likely to be higher.




3. Numerical Analyses


Numerical Model and Verification


A large-scale SGC mass specimen (the other two sides were restrained by two steel tubing frames with transparent plexiglass panels), reinforced by nine sheet of single-sheet Geotex 4 × 4 with a vertical spacing   S v   of 0.2 m has been experimentally studied by Reference [6] (Figure 2a). The data monitored from this full-scale SGC mass have been utilized repeatedly for calibrating numerical models (see, for examples, References [6,12,13,22,23,25,33,34]).



The SGC mass specimen was 2 m high and 1.4 m wide, giving an   L / H   ratio of 0.7. The fill was made of a crushed Diabase from a source near Washington D.C. It has a maximum particle size of 33 mm, and classified as well-graded gravel (GW) according to the Unified Soil Classification System (USCS). The results of large-size triaxial tests, with specimen diameter of 150 mm and specimen height of 300 mm, indicated that the backfill has a peak internal angle of friction  ϕ  of 50   ∘   and an apparent cohesion   c ′   of 70 kPa, for tests conducted under four different confining pressures ranged between 35 kPa and 210 kPa.



Polypropylene (PP) woven geotextile was used as the reinforcement; the geotextile has an ultimate tensile strength   T ult   of 70 kN/m, a breakage strain of about 12%, and an axial stiffness   E A   of 1000 kN/m at 1% strain, which were obtained from a “wide width tensile test” of a geotextile specimen ([35]). The backfill was placed and compacted to 98% maximum dry density into a 0.2 m thick layer. Hollow concrete blocks (397 mm × 194 mm × 194 mm) were used as formwork during model setup in the specimen preparation stage; they were, however, removed before the surcharge application stage. The entire surface area of the test specimen was vacuum-sealed with a 0.5 mm thick latex membrane, and a prescribed confining pressure of 34 kPa was applied to the GRS walls specimen by mean of vacuuming.



A hydraulic-jack, fastened on a 30 cm thick concrete pad, was mounted on the top surface of the specimen. Several linear variable differential transformers (LVDTs) and digital dial indicators were installed on top of the concrete pad to monitor the vertical movement of the SGC mass during shearing. LVDTs and digital dial indicators were also installed along the open face of the SGC mass to measure the lateral movement of the mass. The SGC mass was then sheared gradually until failure; the vertical failure stress and vertical failure strain observed was approximately 2700 kPa and 6.75%, respectively.



Two-dimensional FE program, Plaxis2D [36], was used in the numerical analysis. Figure 2b illustrates the numerical geometry, loading conditions and the interface elements employed in the SGC walls mass simulation. The numerical and the experimental models have the same geometrical configuration. In the FE model, the soil and the facing block were represented by 15-noded triangular elements, which provides a fourth-order interpolation for displacements, and the numerical integration involves twelve Gaussian stress points ([36]). The geotextile was represented by a 5-noded geogrid (line) elements with two translational degrees of freedom in each node (   u x  ,  u y   ), while the axial forces are evaluated at the Newton-Cotes stress points, which coincide with the nodes.



The stress/strain behavior of the granular backfill material was modeled using the second-order hyperbolic elasto-plastic hardening soil model ([37]); the model computes deformation as the sum of elastic strain and plastic strain, which are generated during deviatoric loading, while the plastic volumetric strain in isotropic compression is simulated by introducing cap hardening in the model.



The interactions between the backfill/geosynthetic, backfill/facing block, and block/block were simulated using the zero-thickness interfaces elements, which follow Mohr-Coulomb constitutive behaviour. The parameters for the interface Mohr-Coulomb constitutive model are: friction angle (  ϕ i  ), cohesion (  c i  ), dilation angle (  ψ i  ), shear modulus (  G i  ), Poisson’s ratio   ν i   (default value = 0.45), and oedometer modulus (  E  oed , i   ) [36]. The degree of bonding of the interface can be set directly using a strength/stiffness reduction factor   R i  :


     c i     =  R i   c soil        ϕ i     =  tan  − 1    (  R i  tan  ϕ soil  )        ψ i     =      0      for    R i  < 1.0        ψ soil       for    R i  = 1.0            G i     =  R i 2   G soil        E  oed , i      = 2  G i    1 −  ν i    1 − 2  ν i    ,     



(5)




where:   c soil   is the soil apparent cohesion;   ϕ soil   is the soil friction angle;   ψ soil   is the soil dilatancy angle, and   G soil   is the soil shear modulus. All the input parameters involved in this study are tabulated in Table 3. The default value of   R i   is 1.0, which represents a fully bonded interface. The value of the interface property between soil–reinforcement   R i   was taken to be 0.8 in this research.



The FE analysis was conducted in two stages, that is, filling and compaction stage, and surcharge application at the top surface of the SGC mass stage. The wall was constructed in stages, that is, 0.2 m thick soil lifts were placed and compacted until the final wall height of 2 m was achieved. Compaction of each soil lift was simulated by applying an equivalent compaction load.



To examine the effect of simulated compaction procedures on the reinforcement, three types compaction procedures have been simulated:




	
Type-I: A uniformly distributed load is applied to the top surface of each soil lift as the mass is gradually constructed from the bottom up, see (i) of Figure 2b ([15]).



	
Type-II: A uniformly distributed load is applied at the top and bottom surfaces of each soil lift as the mass is gradually constructed from the bottom up, see (ii) of Figure 2b ([18]).



	
Type-III: A moving strip load of width w is applied to the top surface of each soil lift as the mass is gradually built from the bottom up, see (iii) of Figure 2b. Three different strip widths have been considered: 0.175 m, 0.35 m, and 0.70 m. In the simulation, the strip load moves either away or towards the modular block under consideration.








Each of these compaction loads is removed from the existing soil layer prior to the placement of the next soil lift. A variety of compaction pressures: 10, 30, 44, 60, and 70 kPa have been considered in the parametric study. In particular, the compaction pressure of 44 kPa represents the compaction pressure induced by the plate compactor (MBW–GP1200), as used in the SGC Test No. 2 of Reference [6], whereas the compaction pressure of 70 kPa has been corresponded to the pressure induced by the Caterpillar CW-34 roller compactor. In the numerical model, both the horizontal and vertical displacements of the bottom boundary were fixed.





4. Results and Discussion


4.1. Reinforcement Strain and Lateral Displacement of Sgc Mass


4.1.1. Effect of Compaction Procedures on Reinforcement Strain


Figure 3 shows the axial strain of the geotextile reinforcement at depths 0.4 m and 1.2 m from the top surface of the model. Three different types of compaction procedures (Figure 2b) have been simulated, each with different compaction loads of q of 10, 30, 44, 60 and 70 kPa for the 0.2 m thick soil lift. At the end of the compaction stage, a surcharge load p of 600 kPa was applied to the top surface of the GRS walls specimen.



Figure 3a,b indicates that the types of compaction procedures shown in Figure 2b do not have any effect on the axial strain developed in the reinforcement; there were, however, some minor variations from both ends of the reinforcement. Compaction procedure Type-III with w = 0.7 m generated the largest axial strain while procedure Type-II generated the least axial strain at both ends.



Reference [20] performed a 2D numerical modelling on the full-scale reinforced soil wall No. 1, which was built at the Royal Military College of Canada ([15]). The wall was 3.6 m high, with a facing inclination of 8   ∘   to the vertical. The length of the geogrid was 2.52 m while the vertical spacing of the geogrid was 0.6 m. The 2.52 m long reinforcement terminated some 42% into the soil backfill, which has a width of 5.95 m. Reference [20] observed that Type-I generated the largest axial strain while Type-II generated the least axial strain; furthermore, the effect of compaction procedures on reinforcement strain was found to be much more obvious in Reference [20] than that observed in this study.



It should be noted that the geometrical configuration simulated by Reference [20] is different from that simulated in this study. The reinforcement simulated in this study was almost half (1.4 m) the length used in Reference [20]. In addition, during the compaction stage, the 1.4 m long reinforcements were “partially” fixed at both ends by the facing blocks.



On the other hand, the strain profiles were different for reinforcement at different depths. At the shallower depth, Figure 3a, the maximum strain of 0.67% was observed to develop at the locations 0.2 m from the both ends of the reinforcement, while at the deeper depth, Figure 3b, the maximum strain of 0.9% was seen to develop at the middle of the reinforcement. The maximum strain levels observed in this study are comparable to that observed in Reference [20], which is less than 1.4%. The slightly larger axial strain generated in Reference [20] was probably because their wall was 1.8 times taller than the one used in this study.




4.1.2. Effect of Width of Strip Load on Reinforcement Strain


The overlapping of all the numerical results of reinforcement axial strain in Figure 4 indicated that the width of the strip load w under consideration, that is, 0.175 m, 0.3 m and 0.7 m, has either insignificant or no effect at all on the axial strain of the reinforcement of the study SGC mass. This is in contrast to the study performed by Reference [20], who found that the smaller the width of the strip load w, the lesser its effect on the reinforcement’s axial strain; in other word, increasing the width of the strip load w leading to a higher distribution of reinforcement strain in all their reinforcement layers.




4.1.3. Effect of Surcharge Load on Reinforcement Strain


Figure 5 shows the strain of the reinforcement at depths 0.4 m and 1.2 m from the top surface of the SGC mass under the influence of three different applied surcharges: 200 kPa, 600 kPa, and 800 kPa, applied separately on the top surface of the SGC mass. The compaction loads considered during the SGC mass construction stage are: 44 kPa and 70 kPa. In addition, the compaction procedure Type-I, II, and III have also been considered in this series of analysis.



The results clearly show that the higher the surcharge load the larger the axial strain generated in the reinforcement. For example, the maximum axial strain for reinforcement layer at the depth of 1.2 m was 0.124%, 0.907% and 1.388% for surcharge load p of 200 kPa, 600 kPa and 800 kPa, respectively. As for the axial strain at the middle length (0.7 m from the open face) of the reinforcement at the depth of 0.4 m from the top surface of the SGC mass, the value was 0.081%, 0.52% and 0.762% for surcharge load p of 200 kPa, 600 kPa and 800 kPa, respectively.




4.1.4. Effect of Compaction Load on Open Face Lateral Displacement


Figure 6 shows the lateral displacements on the open faces of the specimen, that is, after facing blocks were removed and confining pressure of 34 kPa was applied, with an uniformly distributed surcharge load q of 1000 kPa applied to the top surface of the specimen for various compaction pressures—Type-I, Type-II, Type-III (w = 0.7 m, 0.35 m, and 0.175 m). The associated compaction load q in each of these compaction procedure were 44 kPa and 70 kPa.



The numerical results shown in Figure 6 show that the compaction loads q of 20, 44 and 70 kPa have no or insignificant effect on the open face lateral displacement of the SGC mass. In addition, the compaction procedures (Type-I, II and III) also have no or very minor effect on the open face lateral displacement, albeit the profile of the lateral displacement generated by Type-II compaction is slightly different from the rest of the compaction procedures. Thus, the result imply that both the compaction load and compaction procedures were insignificant to the characteristics of the stress-deformation behavior of the SGC mass.




4.1.5. Effect of Surcharge Load on Open Face Lateral Displacement


The effect of service load on the lateral displacement of the SGC mass is examined here. Figure 7 shows the open face lateral displacement of SGC mass under four different surcharge load p of 400, 1000, 2000 kPa, and 2500 kPa at the top surface of the specimen, which had been compacted with a compaction load q of 44 kPa, as it was found in the previous Section 4.1.4 that compaction load has insignificant effect on the lateral displacement. The result of the SGC mass experiment conducted by Reference [6] is also plotted in this figure. In general, the numerical and the experimental results were in good agreement, in particular, for cases with smaller surcharge loads.



The maximum open face lateral displacement of the SGC mass (compacted using different compaction procedures) induced during the serviceability stage by various surcharges is tabulated in Table 4. The tabulated results show that the variation between the numerical results of the five compaction procedures is very small, in particular, for compaction procedures Type-II and III.



We can, for example, plot the profile of the lateral displacement versus depth of the SGC mass under the surcharge load p of 1000 kPa together with the experimental result of Reference [6], as in Figure 8. The profile shows that compaction procedure Type-II (UDL applied to top and bottom of each soil lift) produced a smooth and the smallest lateral displacement versus depth profile compared to that of Types-I and III. Both the Types-I and III procedures produced a similar jiggered profile, with Type-I showing the most obvious manifestation. The jagger has a width of 0.2 m, corresponded to the thickness of the thickness of each soil lift. In other words, compaction procedure Type-I generated the most lateral displacement at the middle of each soil lift while procedure Type-II generated the least, but at the top and bottom surfaces of each soil lift the generated lateral displacements were pretty similar. Although the lateral displacement profile induced by compaction procedure Type-II shows the most promising comparison with experimental result, the profiles induced by Type-I and II were also in good agreement with the experimental result. It thus suggested that the consideration of different compaction simulation procedures on the lateral displacement of SGC mass could be neglected in the future numerical simulation for the experimental tests by Reference [6].





4.2. Compaction-Induced Stress in Grs Mass


The increase in lateral stresses due to compaction during construction would lead to an increase in the stiffness and strength of the soil mass, which, in turn, leads to less lateral displacement. Since the SGC mass, which was mainly used for calibrating the numerical procedures adopted in this study, is unsuitable for the study of compaction-induced stress because it was confined by a confining pressure of 34 kPa, a hypothetical 6 m high back-to-back Geo-synthetic Reinforced Soil (GRS) mass, Figure 9a, has been proposed for this purpose. Figure 9a shows the geometrical configuration of a 6 m high back-to-back GRS walls. The simulated compaction procedures, Figure 9b, to be adopted here are similar to that applied in the simulation of SGC mass.



4.2.1. Effect of Compaction Loads and Procedures on Cis


The distribution of lateral stresses along the centre line of the hypothetical GRS mass induced by compaction loads q of 44 and 70 kPa during the GRS mass construction stage is presented and compared in Figure 10. The numerical simulation of the compacted procedures, that is, Type-I, II and III (with a strip load width w of 0.7 m only) were identical to that simulated in the SGC mass.



The lateral stresses with and without considering the compaction-induced stresses (CIS) are shown in Figure 10. It is seen that the lateral stress without considering the CIS is slightly larger than the lateral stress at rest, that is, the   K 0   condition, in the top 4.5 m from the top surface of the GRS mass, thereafter, it reduces to values slightly smaller than the   K 0   stress.



The compaction operation was simulated by loading and unloading the surface/surfaces of each compaction lift, depending on the compaction procedures as shown in Figure 9b. Thus, the zigzag profile of the lateral stress profile was induced by the compaction of each of the 0.2 m thick soil lift. The results clearly show that, for all the three simulated compaction procedures, Figure 10a–c, as expected, the larger the compaction load, the larger the corresponded compaction-induced stress was. In addition, there are significant differences in the values of the CIS associated with the three simulated compaction procedures: Type-I, II, and III. In general, compaction procedure Type-II produced the lowest CIS profile, whereas compaction procedure Type-III generated the highest CIS profile. The magnitude of the stress level of the CIS corresponded to the magnitude of the open face lateral displacement, albeit very small, as shown in Figure 8. The compaction procedure Type-III amplified the lateral stress by a “nominal average value” of approximately 140% when the compaction load was increased from 44 kPa to 70 kPa, compared to that of 120% and 110% when, respectively, compaction procedures Type-I and II was adopted.



Also depicted in Figure 10 is the distribution of the net lateral stress induced by compaction, which is the net difference between the lateral stresses induced by compaction and the   K 0   stress,   Δ  σ  C I S ( 44 )  ′    and   Δ  σ  C I S ( 70 )  ′   , that is, net CIS generated by compaction load   q = 44   and 70 kPa, respectively. These results show that the larger the compaction load, the greater the net lateral stress was. The results clearly show that it is of paramount importance to consider CIS in the numerical simulation of GRS mass.




4.2.2. Comparison between Analytical and Numerical Cis Profiles


The net lateral stress induced by compaction can be readily calculated by hand using Reference [12]’s CIS model (Equations (1)–(3)). The hand-calculated net lateral stress induced by compaction are plotted and compared with the numerical results for compaction loads q of 44 and 70 kPa in Figure 11. In general, it can be seen that the FE profile was not in good agreement with the analytical calculated net CIS profile, in particular, for the results generated by the simulated compaction procedures of Type-I and III; the analytical result significantly under-estimated the numerical CIS result. The analytical model, however, shows satisfactory agreement, Figure 11b, with the numerical result simulated using compaction procedure Type-II, which applied the uniformly distributed load at the top and bottom surfaces of each of the 0.2 m thick soil lift, in particular, for the case of heavy compaction (q of 70 kPa). The analytical net lateral stress induced by compaction initially increased following the passive earth pressure stress path to a depth of 0.2 m and then linearly decreased to zero at a depth of 4.2 m. The negative value of net CIS revealed that the characteristics of compaction-induced stress beyond this depth is vanishing. The net CIS profile along the height of the GRS mass is a parabolic shape instead of two linear segments as in the analytical model.




4.2.3. Development of Net Cis during Construction of Grs Mass


Figure 12 shows the development of the net compaction-induced stress as the hypothetical GRS mass was constructed using compaction procedure Type-II. The profile of the numerical compaction-induced stress for each meter of GRS mass height increment to a height of 6 m is presented in Figure 12. As it can be seen from this figure, the value of the net CIS profile induced by the compaction load   q = 70   kPa, for GRS mass heights between 1 m and 6 m, is always larger than that induced by the compaction load   q = 44   kPa. Notwithstanding the effect of compaction load on CIS, the magnitude of the net compacted-induced stress near the ground surface is always less than the Rankine’s passive earth pressure, as the depth increases, the magnitude of the net compacted-induced stress reduces to a value close to or smaller than the earth pressure at rest. The range of the value of the net CIS was, thus, falls between the active and passive earth pressure. Another observation from Figure 12 is that the influence depth of the net CIS profile increases with the increase of the compaction load.






5. Conclusions


A series of numerical analysis of a 2 m high Soil Geosynthetic Composite (SGC) mass and a hypothetical 6 m high Geo-synthetic Reinforced Soil (GRS) mass has been performed in this study. The effect of simulated compaction procedures, compaction loads, surcharge loads have been examined via the simulation of the SGC mass and compared with the experimental lateral displacements and reinforcement strains. Finally, the mechanism of compaction-induced stress has also been studied via the simulation of the GRS mass. Based on the above simulations the findings and conclusions of this study can be summarized as follows:




	
The numerical and lateral displacement result of the SGC mass obtained in this study were in good agreement with the experimental result of Reference [6], in particular, for surcharge loads smaller than 2000 kPa.



	
The simulated compaction procedures, that is, Type-I (an uniformly distributed load applied to the top surface of each soil lift), Type-II (an uniformly distributed load applied to the top and bottom surfaces of each soil lift), and Type-III (with various widths of strip load w = 0.7 m, 0.35 m, 0.175 m), the compaction loads used during the construction of the SGC mass, and the surcharge loads induced during the serviceability stage of the mass were all found to have insignificant or no effect at all on the reinforcement strains, and the open face lateral displacement of the simulated GRS mass compared with the experimental results in Reference [6].



	
The numerical result of the net CIS profile obtained via simulating the compaction process by applying a uniformly distributed load at the top and bottom surfaces of each soil lift (compaction procedure Type-II) was found to be in good agreement with the analytical model proposed in Reference [12].



	
Both the types of simulated compaction procedure and the compaction load have significant effect on the compaction-induced stress, with compaction procedure Type-III (strip load) has the most influence, while compaction procedure Type-II has the least influence. Compaction procedure Type-III was found to amplify the lateral stress by a “nominal average value” of approximately 140% when the compaction load was increased from 44 kPa to 70 kPa, compared to that of 120% and 110% when, respectively, compaction procedures Type-I and II was adopted.



	
The range of the value of the net CIS was found to be between the active and the passive earth pressure.
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Figure 1. (a) Schematic diagram of a moving compaction load. (b) Stress paths of a soil element at depth z as the compaction load moves away from I-I. 
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Figure 2. (a) Schematic diagram and configuration of Soil-Geosynthetic Composite (SGC) mass. (b) Simulated compaction procedures adopted for SGC mass in FE analysis. 
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Figure 3. Effect of compaction procedures (Types-I, II, and III) on reinforcement strains of SGC mass, under   p = 600   kPa and q of 10, 30, 44, 60 and 70 kPa—for reinforcements at depths: (a) 0.4 m; and (b) 1.2 m, from the specimen’s top surface. 
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Figure 4. Effect of the widths of strip load (w = 0.175, 0.3, 0.7 m) on reinforcement strains of SGC mass, under p of 600 kPa, compaction procedure Type-III and q of 10, 30, 44, 60 and 70 kPa—for reinforcements at depths: (a) 0.4 m; and (b) 1.2 m, from the top surface. 
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Figure 5. Effect of surcharge loads (p = 200, 600, 800 kPa) on reinforcement strains of SGC mass, under compaction procedures Type-I, II and III and q of 44 and 70 kPa—for reinforcements at depths: (a) 0.4 m; and (b) 1.2 m, from the top surface. 
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Figure 6. Effect of compaction load q and compaction procedures on open face lateral displacement of SGC mass: for case of p = 1000 kPa, q = 20, 44 and 70 kPa: (a) Type-I; (b) Type-II; (c) Type-III (w = 0.7 m); (d) Type-III (w = 0.35 m); (e) Type-III (w = 0.175 m). 
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Figure 7. Effect of surcharge load p and compaction procedures on open face lateral displacement of SGC mass, for   q = 44   kPa, p = 400, 1000, 2000 and 2500 kPa: (a) Type-I; (b) Type-II; (c) Type-III (w = 0.7 m); (d) Type-III (w = 0.35 m); (e) Type-III (w = 0.175 m). 
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Figure 8. Effect of compaction procedures on lateral displacement of SGC mass for case of   p = 1000   kPa and   q = 44   kPa. 
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Figure 9. (a) Schematic diagram and configuration of the back-to-back Geo-synthetic Reinforced Soil (GRS) mass. (b) Heavy compaction procedures for GRS wall mass adopted in FE analysis. 
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Figure 10. Distribution of lateral stresses along the centre line of the hypothetical GRS mass during construction stage, for cases of q = 44 and 70 kPa, and compaction procedures: (a) Type-I; (b) Type-II; (c) Type-III (w = 0.7 m). 
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Figure 11. Comparison of CIS between analytical and numerical results for q = 44 and 70 kPa: (a) Type-I; (b) Type-II; (c) Type-III (w = 0.7 m). 
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Figure 12. Incremental net compaction-induced stress corresponded to GRS mass construction using compaction procedure Type-II. 
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Table 1. Data for vibratory plate soil compactor (light compaction).
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	Manufacturer
	Model
	Plate Width (m)
	Q (kN/m)
	0.45    γ Q    
	0.90    γ Q    
	References





	Bomag
	BP 10/36
	0.361
	27.50
	10.29
	20.57
	[30]



	Ingersoll-Rand
	BX-6
	0.406
	30.44
	10.82
	21.64
	—"—



	Bomag
	BP 13/29
	0.290
	43.64
	12.96
	25.92
	—"—



	Wacker
	BPS 1330R
	0.305
	43.28
	12.90
	25.81
	—"—



	Wacker
	BPS 1330
	0.305
	43.32
	12.91
	25.82
	—"—



	Wacker
	VPG 160K
	0.533
	25.31
	9.87
	19.74
	—"—



	Wacker
	VPA 1350W
	0.495
	28.59
	10.48
	20.98
	—"—



	Ingersoll-Rand
	BX-8
	0.483
	32.08
	11.11
	22.22
	—"—



	Multiquip
	MVC 90 L
	0.498
	31.67
	11.04
	22.08
	—"—



	Bomag
	BP 15/45
	0.450
	35.37
	11.66
	23.33
	—"—



	Bomag
	BP 19/48
	0.480
	34.92
	11.59
	23.18
	—"—



	Bomag
	BP 19/75
	0.750
	22.51
	9.31
	18.61
	—"—



	Wacker
	VPA 1750
	0.495
	36.59
	11.86
	23.73
	—"—



	Case
	1300
	0.495
	37.55
	12.02
	24.04
	—"—



	Ingersoll-Rand
	BX-12
	0.533
	40.68
	12.51
	25.02
	—"—



	Wacker
	BPS 2550B
	0.495
	53.21
	14.31
	28.62
	—"—



	Wacker
	VPG 155-A
	0.460
	34.12
	11.46
	22.92
	[24]



	Wacker
	ES-45-Y
	0.250
	48.00
	13.59
	27.18
	—"—



	Dynapac
	DFP12D
	0.500
	52.46
	14.21
	28.41
	[31]



	Dynapac
	DRP15X
	0.500
	52.80
	14.25
	28.50
	—"—



	Dynapac
	DFP11
	0.500
	52.16
	14.17
	28.33
	—"—



	Bomag
	BP 20/50
	0.500
	41.90
	12.70
	25.39
	[32]



	Bomag
	BVP 18/45
	0.360
	52.50
	14.21
	28.42
	—"—



	MBW
	GP1200
	0.300
	24.10
	10.84
	21.69
	[6]







Note: Total force Q = compactor weight + dynamic force; dynamic force is manufacturer’s rating; compacted soil unit weight average, γ = 19.0 kN/m3.
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Table 2. Data for vibratory roller soil compactors (heavy compaction).






Table 2. Data for vibratory roller soil compactors (heavy compaction).





	Manufacturer
	Model
	Width (m)
	Q (kN/m)
	0.45    γ Q    
	0.90    γ Q    
	References





	Bomag
	BW 55 E
	0.559
	18.31
	8.39
	16.79
	[30]



	Bomag
	BW 65 S
	0.650
	25.53
	9.91
	19.82
	—"—



	Bomag
	BW 60 S
	0.599
	28.50
	10.47
	20.94
	—"—



	Bomag
	BW 60 HG
	0.599
	32.40
	11.16
	22.33
	—"—



	Bomag
	BW 60 HD
	0.599
	32.89
	11.24
	22.50
	—"—



	Wacker
	RS 800A
	0.719
	21.67
	9.12
	18.26
	—"—



	Bomag
	BW 75 E
	0.749
	28.60
	10.49
	20.98
	—"—



	Bomag
	BW 35 W
	0.391
	57.43
	14.86
	29.73
	—"—



	Ingersoll-Rand
	DX-60
	0.584
	38.83
	12.22
	24.45
	—"—



	Bomag
	BW 35 W
	0.391
	58.03
	14.94
	29.88
	—"—



	Bomag
	BW 75 AD
	0.759
	34.76
	11.56
	23.13
	—"—



	Ingersoll-Rand
	DX-70
	0.635
	42.03
	12.72
	25.43
	—"—



	Bomag
	75 S
	0.749
	38.35
	12.15
	24.29
	—"—



	Bomag
	90 AD
	0.899
	35.55
	11.70
	23.39
	—"—



	Wacker
	WDH 86-110
	0.864
	44.04
	13.02
	26.03
	—"—



	Bomag
	BW 90 S
	0.899
	44.86
	13.14
	26.27
	—"—



	Caterpiller
	CW 34
	2.080
	60.96
	15.31
	30.63
	[26]







Note: Total force Q = compactor weight + dynamic force; dynamic force is manufacturer’s rating; compacted soil unit weight average, γ = 19.0 kN/m3.
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Table 3. Input parameters for finite element analyses.
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	Materials Properties
	2 m SGC Mass
	6 m GRS Mass





	Soil Properties
	
	



	Model
	Hardening Soil
	Hardening Soil



	Peak friction angle,   ϕ   ( o  )  
	50
	45



	Apparent cohesion c (kPa)
	70
	0



	Dilation angle   ψ   ( o  )  
	19
	15



	Unit weight  γ  (kN/m3)
	25
	17



	  E  ref   50 a    (kN/m3)
	62,374
	77,622



	   E  ur  50  = 3  E  ref  50    (kN/m3)
	187,122
	232,866



	Stress dependence exponent m
	0.5
	0.5



	Poisson’s ratio  ν 
	0.2
	0.2



	  P ref   (kPa)
	100
	100



	Reinforcement
	Single-sheet Geotex 4 × 4
	Double-sheet Geotex 4 × 4



	Elastic axial stiffness (kN/m)
	1000
	2000



	Reinforcement spacing (m)
	0.2
	0.2



	Modular Block Properties
	
	



	Model
	Model Linear elastic
	N/A



	Stiffness modulus (kPa)
	3   ×  10 6   
	N/A



	Unit weight  γ  (kN/m3)
	12.5
	N/A



	Poisson’s ratio  ν 
	0
	N/A



	Block-Block Interface
	
	



	Model
	Mohr-Coulomb
	N/A



	Stiffness modulus (kPa)
	3   ×  10 6   
	N/A



	Unit weight  γ  (kN/m3)
	0
	N/A



	Poisson’s ratio  ν 
	0.45
	N/A



	Friction angle   ϕ   ( o  )  
	33
	N/A



	Apparent cohesion c (kPa)
	2
	N/A



	Soil-Block Interface
	
	



	Model
	Mohr-Coulomb
	



	Unit weight  γ  (kN/m3)
	0
	N/A



	Poisson’s ratio  ν 
	0.45
	N/A



	Friction angle   ϕ   ( o  )  
	33.33
	N/A



	Apparent cohesion c (kPa)
	46.67
	N/A



	Stiffness modulus (kPa)
	74,829.711
	N/A



	Soil-Reinforcement Interface
	
	



	Model
	Mohr-Coulomb
	Mohr-Coulomb



	Unit weight  γ  (kN/m3)
	0
	0



	Poisson’s ratio  ν 
	0.45
	0.45



	Friction angle   ϕ   ( o  )  
	40
	36



	Apparent cohesion c (kPa)
	56
	0



	Stiffness modulus (kPa)
	106,685.26
	88,000



	Geometrical Configuration
	
	



	Wall height H (m)
	2
	6



	Wall aspect ratio L/H
	0.7
	0.7



	Reinforcement vertical spacing   S v   (m)
	0.2
	0.2







a Defined for zero thickness interface element. b Soil properties of Model A were derived from the triaxial testing by Reference [6]. c Material properties of the facing block and the soil of Model B were extracted from Reference [6].
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Table 4. Maximum lateral displacement induced during serviceability stage by various surcharges.






Table 4. Maximum lateral displacement induced during serviceability stage by various surcharges.





	

	
Surcharges

	
400 kPa

	
1000 kPa

	
2000 kPa

	
2500 kPa




	
Comp. Procedures

	






	
Type-I

	
2.91 mm

	
12.16 mm

	
28.82 mm

	
37.07 mm




	
Type-II

	
2.84 mm

	
11.48 mm

	
27.23 mm

	
34.90 mm




	
Type-III (w = 0.70 m)

	
2.79 mm

	
11.75 mm

	
27.29 mm

	
35.10 mm




	
Type-III (w = 0.35 m)

	
2.85 mm

	
11.74 mm

	
27.32 mm

	
35.04 mm




	
Type-III (w = 0.175 m)

	
2.80 mm

	
11.74 mm

	
27.39 mm

	
35.03 mm
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