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Pile-supported embankments have been recognized as long-standing solutions for construction in compressible soft soils. Instead of improving the physical and mechanical properties of the soft soil, this method emphasizes efforts to transfer the embankment load to a competent layer below the compressible layer. Mortar column inclusion (inklusi kolom mortar or IKM) is recognized as one of the rigid inclusions in a pile-supported embankment. The IKM combined with a load transfer platform (LTP) has been widely utilized to support embankments. Studies on pile-supported embankments have generally focused on the arching mechanisms and geotextile tensile force evaluations; however, most of these investigations were conducted on soft cohesive soils. The application of pile-supported embankment on peat has rarely been studied comprehensively. This study presents a full-scale trial embankment on peat in West Sumatra, Indonesia. The 8-m-high trial embankment was supported by a series of IKM piles and a geotextile-reinforced LTP layer; instruments were then installed in the embankment, ground, LTP, geotextile, and IKM. These instruments included a series of vibrating wire earth pressure cells, vibrating wire strain gages, fiber optic sensors, vibrating wire piezometers, settlement profilers, settlement plates, and inclinometers. The instruments provided observations on the ground movements, IKM displacements, and stresses in the materials. Comprehensive evaluations from field monitoring allowed study of load transfer via the arching mechanism, deformation pattern, and IKM performance in peat. Finite element analyses (FEAs) were also conducted for comparison and verification. The field monitoring results and FEAs showed good agreement, thereby demonstrating the potential of the proposed ground improvement method for embankment construction on peat.
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1 INTRODUCTION
Embankment works are generally considered as the most economical solutions in infrastructure construction involving roads, runways, and flood control embankments. Challenges often arise when embankments are situated along riverbanks, swamps, or other difficult areas. The soils in these zones are commonly characterized by thick and highly compressible soft soil deposits with low bearing capacities, including organic soil and peat. The common challenge in constructing an embankment on peat is to provide an alternative solution to the existing conventional methods. A structure with deep foundations may be the best solution for reducing long-term settlement; however, this demands a large budget, for which preloading and accelerated consolidation may be the most inexpensive solution. Unfortunately, this method requires significant construction time. In addition to consolidation, there are many uncertainties with regard to long-term settlement, which are attributed to secondary compression of the peat.
Recent studies on peat improvement methods have been reported by Axelsson et al. (2002), Black et al. (2007), Deboucha et al. (2008), Hashim and Islam (2008), Kazemian and Huat (2009), and Murugesan and Rajagopal (2009). Additionally, Fox and Edil (2000), Allgood et al. (2001), Wissmann et al. (2000), Winter et al. (2005), and Carchedi et al. (2006) have presented peat improvement methods for specific construction objectives, such as road embankments, railroads, and building structures. According to Huat et al. (2014), the aforementioned investigators reported that the various methods were successful in providing the required bearing capacities for the design loads. However, only the pile-supported solutions were observed to show minimal settlement over the years.
Pile-supported embankments have been broadly applied as construction solutions for compressible soils. In principle, this method does not improve the physical and mechanical properties of soft soils but entails transfer of the embankment load directly to a competent layer below the compressible layer via the piles. At a minimum, this method consists of a set of piles and a load transfer platform (LTP) layer that is commonly built using compacted granular materials. Through this method, most of the embankment load is transferred to the piles through the LTP via an arching mechanism. As only a small portion of the load is carried by the compressible soil between the piles, settlements can be reduced. The load concentration on the piles and consequent settlement reduction can be further optimized by reinforcing the LTP with high-tensile-strength geotextile layers. The geotextile components thus bear the embankment load between the piles and transfer it to the piles, leading to higher arching efficiency, larger load on the piles, and lower pressure on the soil between the piles, with consequent settlement reduction.
The performances of pile-supported embankments with geotextile-reinforced LTPs have been investigated by Hewlett and Randolph (1988), Low et al. (1994), Hong et al. (2007), Yun-min et al. (2008), van Eekelen et al. (2012a), van Eekelen et al. (2012b), Lu and Miao (2015), Briançon and Simon (2017), and Al-Naddaf et al. (2019). These studies have generally focused on soft cohesive soils, arching mechanisms, and geotextile tensile force evaluations. To the best of the authors’ knowledge, the performances of pile-supported embankments on highly organic soils and peat have not been investigated extensively thus far compared to those on soft cohesive soils.
Mortar column inclusion (inklusi kolom mortar or IKM) has gained popularity and become one of the most robust pile types in pile-supported embankments. IKM is a cast-in-place concrete mortar pile that is installed using a mobile rig equipped with a mortar injector and a displacement/continuous flight auger. Depending on the ground conditions, an IKM rig can achieve an installation productivity of up to 1,000 m a day.
2 FULL-SCALE TRIAL EMBANKMENT
A full-scale trial embankment of approximately 140 m length and 50 m width was constructed as part of the Trans-Sumatera Toll Road Project in Padang Pariaman, West Sumatra, Indonesia. The map of peat distribution and carbon content in the region indicates that the project is situated on a hemic peat deposit (Wahyunto et al., 2003). The existence of peat in this location was further confirmed by soil investigations (Figure 1A). Peat and organic silt were observed up to a depth of 11 m below the surface. In detail, the uppermost soil layer extending to a depth of up to 7.5–8 m was composed of very soft organic peat; below this layer, a mixture of soft silt and organic materials was observed up to depth of 11 m. Figure 1B shows the typical hemic peat observed in the project area.
[image: Figure 1]FIGURE 1 | (A) Soil profile and (B) hemic peat at the project location.
A combined IKM and geotextile-reinforced LTP was selected for soil improvement in this project, which is a first-of-its-kind application of an improvement system on peat in Indonesia. Therefore, a full-scale trial embankment was constructed to evaluate the performance. The trial embankment was 8 m high from the top surface of the original soil (Figure 2A) and was supported by IKM piles of diameter 420 mm. These piles were installed in a 1.6 m × 1.6 m square configuration. The IKM length varies between 15 m and 17 m depending on the auger penetration refusal during installation. The six outermost piles around the toe of the slope were strengthened with steel reinforcement cages to increase the bending moment capacity. A pile cap of dimensions 0.5 m × 0.5 m × 0.2 m was installed on each IKM head, and a 1.5-m-thick granular LTP layer was constructed on the IKM piles. This LTP was reinforced using two layers of high-strength geotextiles having an ultimate tensile strength (Tult) of 1,600 kN/m. The geotextile reinforcements were laid out in both the transversal and longitudinal directions (Figure 2B). Figure 2C presents the detailed instrumentation layout plan. Figure 3 presents some photographs from the IKM construction work in the trial embankment area, and Figure 4 shows the installation of the high-strength geotextiles and LTP.
[image: Figure 2]FIGURE 2 | (A) Cross section of the trial embankment, (B) configuration of the high-strength geotextile, and (C) layout of the geotechnical instrumentation (source: PT Bauer Pratama Indonesia).
[image: Figure 3]FIGURE 3 | Construction of IKM piles in the trial embankment area (source: PT Bauer Pratama Indonesia).
[image: Figure 4]FIGURE 4 | Installation of the high-strength geotextile and construction of the LTP in the trial embankment area (source: PT Bauer Pratama Indonesia).
3 FIELD INSTRUMENTATION AND MONITORING PROGRAMS
A comprehensive field instrumentation program was set up to closely monitor the embankment construction and evaluate the ground improvement performance. A set of vibrating wire earth pressure cells (VWEPCs) of diameter 230 mm were installed on several of the pile caps and in the LTP to evaluate the stress distribution in the LTP (Figure 5A). Owing to reasons like including the readily available stock of VWEPCs in the market and limited project schedule, it was decided that the VWEPCs would be installed at the centers of the square pile caps. This arrangement may not allow exact measurements of the stresses on the pile caps as these stresses may not be uniform. The size difference between the VWEPC and pile cap may result in underestimated stress measurements. The measured stresses at the pile cap centers may be lower than the real applied stresses on the overall pile cap surfaces. For future research, installation of a set of VWEPCs to cover the entire surface of the pile cap is strongly recommended where the stress variability within the pile cap is of particular interest. Vibrating wire strain gage (VWSG) sensors were installed in selected IKMs and the geotextiles to measure the strains (Figures 5B–D). The strain on the geotextile was also measured using a Brillouin optical time-domain analysis (BOTDA) module (Figure 5E). Lateral deformations of the embankments and IKM piles were measured using inclinometers. A series of inclinometer cases were prepared around the embankments (at the boreholes) and IKMs. Figure 5F shows the inclinometer casing installation around the embankment perimeter. Figure 5G presents the casing preparation inside the IKM. Vibrating wire (VW) piezometers were also installed at three different depths to measure the excess pore water pressure below the center of the embankment. A settlement profiler was mounted on the pile cap to observe any settlement along the embankment base. Figures 6A–C show the settlement measurements using a profiler. The ground settlement was also measured using magnetic extensometers and settlement plates of dimensions 40 cm × 40 cm (Figures 6D–F).
[image: Figure 5]FIGURE 5 | Installation of (A) VWEPCs in the IKMs, (B) VWSG sensors in the reinforced IKMs, (C, D) VWSG sensors on the geotextile layer, (E) BOTDA module on the geotextile, and (F, G) inclinometers (source: PT Bauer Pratama Indonesia).
[image: Figure 6]FIGURE 6 | Installation of the (A–C) settlement profiler, (D, E) magnetic extensometer, and (F) settlement plate (source: PT Bauer Pratama Indonesia).
4 NUMERICAL MODELING
A series of finite element (FE) models was developed to study the load transfer mechanism of the ground improvement system. In this case, the stress distribution between the LTP layer and IKM piles via the arching mechanism, negative and positive resistances by the IKM shaft, and IKM tip resistance on the competent layer were evaluated. Three FE models were developed in this study using Plaxis, namely a 2D plane strain model of the entire embankment (Figure 7A), a 3D model of 1.6 m × 1.6 m tributary load area on a single IKM (Figure 7B), and a 3D-extruded model of half of the embankment (Figure 7C). The model boundary conditions at both sides were set to normally fixed, while the boundary conditions for the bottom and top surfaces were set to fully fixed and free, respectively.
[image: Figure 7]FIGURE 7 | Plaxis results of the (A) 2D plane strain model of the trial embankment, (B) 3D model of a single IKM tributary load area, and (C) extruded half embankment.
The site investigation results, laboratory test data, and empirical correlations were evaluated thoroughly to choose the input soil parameters and constitutive models for the numerical analyses. The organic soil and peat layers extending from 0 m to 11.5 m were modeled with the soft soil creep (SSC) model, which is capable of modeling the primary and secondary compressions (i.e., creep) of the soft soil (Bentley, 2020a; Bentley, 2020b). Below the organic and peat layers, the 14-m-thick medium dense sand was modeled with the Mohr–Coulomb (MC) failure criterion. The hardening soil (HS) model was chosen for the following medium stiff silt, including the sand layers. Dense sand was observed at the end of boring during the field investigation. Detailed information on these constitutive models and the associated input parameters can be found in the Plaxis manual (Bentley, 2020a; Bentley, 2020b). The input soil parameters for this study are presented in Table 1.
TABLE 1 | Input soil parameters for the numerical model in Plaxis.
[image: Table 1]The geotextile with a high tensile strength of 1,600 kN/m used in the trial embankment was modeled as an elastoplastic anisotropic geogrid element; this element required two input parameters, namely stiffness and strength (Np). The stiffness is a function of the Young’s modulus (E) and cross-sectional area (A) of the geotextile. Considering that the strain of the geotextile should be maintained below 5% during road operations, the designed stiffness values along the strong axis (machine direction or MD) and weak axis (cross direction or CD) were 16,900 kN/m and 452 kN/m, respectively. The designed strength values along the MD and CD were 845 kN/m and 22.6 kN/m, respectively. Each IKM pile was modeled as an embedded beam row (EBR) element with E = 7.3 × 106 kN/m2, as recommended by the ASIRI National Project (2012). The EBR is also known as embedded pile row (EPR). Sluis (2012) presented the EBR model development and its validation. When modeling piles in rows, the EBR offers more realistic pile–soil interaction behaviors than other classical methods, such as plates and node-to-node anchor methods. The EBR model requires several inputs, including the spacing between the row of piles in the out-of-plane direction, pile modulus elasticity, as well as axial and bending moment capacities. The bending moment capacities of unreinforced and reinforced IKM piles were set to 20 kN∙m and 70 kN∙m, respectively. The sequence of embankment construction, where each lift had a thickness of 40 cm, was considered in the numerical calculations. The compaction process for each lift was represented by the compacted unit weight of the embankment in the model.
5 FIELD MONITORING RESULTS
The trial embankment construction commenced in February 2022. On 26 April 2022, the embankment reached its maximum height (Figure 8). The piezometers indicated that the peat layer experienced very little to negligible excess pore water pressure development (Figure 9A). Settlement profiler monitoring was conducted regularly from the first fill embankment placement to November 2022; this monitoring shows that the shape of the settlement trough was formed approximately 7 days after reaching the maximum height (Figure 9B). Thereafter, the settlement profiler showed a more uniform vertical deformation, indicating that the embankment settled as a rigid body. The total settlement values at the tip and center of the embankment were ±19.6 cm and ±31.9 cm, respectively. Figure 10A shows the settlement plate monitoring at the same interval as that of the settlement profiler. The embankment edge settled around 100–150 mm, whereas the middle of the embankment settled at about 200 mm. Similarly, the magnetic extensometer in the organic soil layer showed a relatively uniform vertical deformation of about 212 mm (Figure 10B).
[image: Figure 8]FIGURE 8 | Trial embankment at the maximum height.
[image: Figure 9]FIGURE 9 | (A) Total pore water pressure and (B) settlement profiler readings from the trial embankment.
[image: Figure 10]FIGURE 10 | Trial embankment results from the (A) settlement plate, (B) extensometer, and (C, D) BOTDA geotextile strain.
The BOTDA measurements of the geotextile strains in the longitudinal and transversal directions showed the largest tensile strains of 1,161 µε and 1,269 µε, respectively (Figures 10C, D). These values were different from the VWSG measurements. The largest tensile strains along the longitudinal and transversal directions based on the VWSG were 2,017 με and 657 με, respectively. The differences in these results between the BOTDA and VWSG may be attributed to the exact placement of these sensors. The VWSG was placed in the middle of the embankment, where the geotextile at this location did not experience the maximum tensile force during loading. Accordingly, the VWSG measurement in the transversal direction was around half of that of the BOTDA measurement. Additionally, the differences in the placements of the BOTDA and VWSG sensors showed differences in other parameters, including the soft soil thickness and IKM length. Hence, these variations were responsible for the differences in the tensile strain measurements from the two sensors. Nevertheless, the main intention of installing these sensors was to ensure that the geotextile strain did not exceed the allowable strain of 5% or 50,000 με; this was considered as a crucial factor because the installation of the high-strength geotextile was primarily to provide additional horizontal stiffness to the LTP above the peat, thereby reducing the lateral deformations and bending moments of the IKMs around the slope area. For future research concerning the geotextile efficiency, it is recommended to select locations as well as the BOTDA and VWSG sensor layouts in a manner that allows measurement of the maximum strain and its relationship to the differential settlement around the IKM piles. Thus, comprehensive comparisons can be made between the performances of the BOTDA and VSWG for the geotextile strain measurements.
Three pairs of VWEPCs were mounted at two elevations, namely +8.20 (at the base of the LTP) and +8.95 (at the middle of the LTP), as shown in Figure 11A. The results of the VWEPC readings located on top of the IKM and in the middle of the LTP showed maximum pressures of 531.8 kPa (Figure 11B) and 242.2 kPa (Figure 11C), respectively. The two VWEPCs placed between the columns at the LTP base showed pressures ranging from 37.6 kPa to 50.6 kPa; their counterparts at the higher elevation experienced larger pressures ranging from 74.9 kPa to 121.6 kPa.
[image: Figure 11]FIGURE 11 | Vibrating wire earth pressure cells (VWEPCs): (A) layout and (B, C) readings at two locations.
6 LOAD TRANSFER MECHANISM IN THE TRIAL EMBANKMENT
The load transfer mechanism in the pile-supported embankment is one of the most crucial observations of this study. Theoretically, the embankment load is delivered to the LTP and is subsequently transferred to the IKM piles. Between the piles, the load is received by the LTP with the high-strength geotextile layers. This load leads to the development of strain and tensile forces in the geotextile, which eventually compress the IKMs. This study showed that the peat below the embankment did not bear any significant load, as expected. Most of the embankment load was transferred to the IKM piles, which was confirmed by the measurements from the piezometers in the peat layer (Figure 9A). The observed pore water pressures at three different depths increased by only 2–10 kPa after reaching the final embankment load. Figure 9A also demonstrates the fast excess pore water pressure dissipation since peat has a much higher permeability than clay. Given that the peat layer has a water content of 413%–630% and moisture unit weight of 9.5 kN/m3, the excess pore water pressure dissipation may not be followed by increase in the effective stress, as the peat behaves like water.
The load transfer mechanism was also verified using the earth pressure cells mounted on the IKMs. Figure 11 shows that the IKM heads experience the highest pressures, whereas the smallest values are located between the IKMs. The numerical results showed consistent patterns with the field measurements, which were slightly lower than the values obtained with the pressure cells. The FE modeling showed that the maximum stress of 587.3 kPa was located at the IKM head (Figure 12A), where a pressure of 267.6 kPa occurred in the middle of the LTP above the IKM head. Stresses between the IKM piles at the base of the LTP and the middle of the LTP were as low as 50.23 kPa and 103.0 kPa, respectively. The load transfer mechanism and principal stress rotation based on the 3D FE analysis are shown in Figure 12B.
[image: Figure 12]FIGURE 12 | Principal effective stress directions of the numerical model after consolidation in the (A) 2D and (B) 3D views.
The peat layer experienced a long-term settlement despite bearing only a minor load, as indicated in Figures 9B, 10. In fact, this settlement could be attributed to the consolidation in the medium stiff silt layer located directly below the 15-m-thick medium dense layer (Figure 1). The embankment load that was transferred by the IKM piles to the deeper layers led to stress and excess pore water pressure developments in these layers, including the silt layer. As the excess pore water pressure dissipated, a corresponding settlement occurred over time. Although no field instruments were installed in the deep layers, consolidation in the silt layer was clearly observed in the FE analysis (Figure 13). The FE analysis also showed that the layers above the consolidated silt layer experienced rigid body motion settlement, which was consistent with the results of the settlement profiler (Figure 9B). In addition, the FE analysis showed a total long-term vertical displacement as large as 344.2 mm at the middle of the embankment (Figure 14); this value is similar to that observed during field monitoring. However, the distribution of the actual settlement is more uniform compared to that obtained by FE modeling. These differences in uniformity may be the result of embankment rigidity or variation in peat compressibility. A stability analysis was also conducted using 2D FE analysis. The global safety factor (SF) of the trial embankment was as high as 1.69 (Figure 15), which corresponded to the critical failure plane located at the unimproved area around the embankment edge. Consequently, the SF of the improved embankment slope should be higher.
[image: Figure 13]FIGURE 13 | Excess pore water pressure in the medium stiff silt and sand layer due to the embankment.
[image: Figure 14]FIGURE 14 | Total displacement below the embankment based on data from the settlement profiler and 2D numerical model after consolidation.
[image: Figure 15]FIGURE 15 | Plaxis 2D global stability analysis result of the trial embankment (SF = 1.69).
7 CONCLUSION
Mortar column inclusion and LTP have been widely used in pile-supported embankments. Many of the extant studies on pile-supported embankments were focused on soft soils, with very few studies being conducted of pile-supported embankments on peat. This work reports the performance of an 8-m-high full-scale trial embankment on peat supported by IKM piles and a geotextile-reinforced LTP. A set of instruments embedded in the embankment system allowed comprehensive study of the load transfer mechanism, deformation pattern, and performance of the IKM in peat. FE analyses were carried out for comparison and verification of the field observation results.
The present study suggests that arching in the LTP is a crucial factor in the load transfer mechanism. The VWEPC results explain the stress distribution in the LTP; the IKM heads experienced the largest stress values, whereas the LTP base between the IKM piles experienced the lowest stress values. This variation suggested an arch-like stress distribution in the LTP. The area between the IKM piles was also supported with a high-strength geotextile. Tensile strains occurred in the geotextile, suggesting that the geotextile also contributed toward bearing the embankment load between the IKM piles. Owing to the arching mechanism and the presence of the geotextile, the surface near the peat layer between the IKM piles only experiences a very small portion of the load. This load sharing mechanism contributed to significant settlement reduction, which was further supported by the FEM results.
The field observations indicated that the embankment load was successfully transferred to the deeper layers; this finding was strongly supported by the piezometer readings. The soft organic and peat layers experienced insignificant pore water pressure increments. The settlement observed during field monitoring did not originate from these soft layers and was instead associated with the medium stiff layer situated at a depth of 10 m from the IKM tip. The FE results were also consistent with this finding.
The combined IKM and geotextile-reinforced LTP demonstrated satisfactory performance in supporting the embankment on peat. Thus, we successfully identified the load transfer mechanism and ground deformation in the embankment system through this study. No further ground movements were observed in the trial embankment. The field monitoring and FE results were consistent and in good agreement. However, the actual settlement observed displayed a more rigid behavior. This comprehensive study proves that the combination of IKM piles and geotextile-reinforced LTP can be a viable and promising alternative to the conventional solution for embankment construction on peat.
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Material model SsC ssC MC HS -
Drainage type Undrained A Undrained A Drained Undrained A -
Unsaturated unit weight 115 130 180 160 KN/
m
Saturated unit weight 120 130 180 160 KN/
ey
Void ratio 7.32 250 050 156 -
Porasity 08798 07143 033 0.6094 -
Lambda 02187 0.1242 - - -
Kappa 001942 002484 - - -
E — — 20000 — KN/
s
Compression index, C, 10 1 - 03 -
Swelling index, C, 070 01 — 0.03 -
Secondary compression 016 0015 - - -
index, Ca
Poisson’s ratio v, 015 015 = = =
Poisson’s ratio v - - 03 02 -
Cohesion 4 4 2 12 KN/
m
Friction angle 13 19 32 ) .
Permeability k, 006 006 0.1206 0.04752 m/
day
Permeability k, 006 003 0.1206 0.04752 m/
day
Change in permeability 375 125 - 125 -






