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Abstract

:

In the transition zone of railway tracks, track irregularities occur frequently due to differential settlement, which arises from the difference between the vertical supporting stiffness of the abutment and the backfill. This is disadvantageous because it increases the maintenance requirements and deteriorates the ride quality. To address this challenge, this study proposes a strategy involving the application of cement-treated gravel reinforced with geogrids and rigid facing walls. The reinforced subgrade for railways (RSR), which can reduce residual settlement through the initial construction of the backfill reinforced with geogrids and the subsequent development of the rigid facing wall, was constructed at the transition zone with cement-treated gravel as the backfill material. The long-term behaviors during and after construction on the RSR for a period of 16 months were evaluated by analyzing the surface and ground settlements, horizontal earth pressure, and geogrid strain. The minor net settlement of the reinforced backfill converges at the early stage of subgrade construction, and the horizontal earth pressure was approximately reduced to the level of 54–63% of the Rankine active earth pressure.
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1. Introduction


In transition zones, which are the weakest zones in the railway roadbed, track irregularities frequently occur because of differential settlements, which are induced by the difference in the vertical stiffness of the concrete abutment and the earth transition zone [1]. To mitigate differential settlement, several design codes suggest various measures, such as the implementation of approach blocks, approach slabs, and reinforced materials nd structures.



The approach block is used to mitigate differential settlement; material with medium stiffness is placed between the abutment concrete structure and the subgrade on the back of the abutment, thereby smoothing the change in stiffness of the subgrade. Studies related to the approach block were conducted which focused on several materials [2,3,4] and ground-reinforcement strategies [5,6]. Cement-treated gravel is a material typically used for the construction of approach blocks [7,8,9]. When graded gravel is mixed with a certain amount of cement (3–5%) and compacted, it exhibits a stiffness greater than that of graded gravel (without cement) [10,11]; thus, the difference in stiffness between backfill and concrete structures can be mitigated.



The approach slab is a concrete structure in the shape of a slab and is supported at one end by the bridge abutment and at the other end by the embankment soil [12]. By connecting the abutment and embankment with a slab, this structure is used to reduce the difference in stiffness of the subgrade. A nonlinear finite element analysis [13], a field survey [14], and dynamic analysis using a three-dimensional finite element model [15] have been performed to investigate the approach slab. These studies reported on the effect of reducing differential settlement in transition zones.



In another approach to improve the performance of the transition zone, geosynthetics-based reinforcement methods have been explored. Watanabe et al. performed shaking table tests of an abutment reinforced with a geogrid and discovered that the structural stability may be secured by utilizing the tension of the geogrid [16]. Moreover, Feng et al. investigated the performance of a geogrid-reinforced and pile-supported bridge approach via field monitoring [17]. In addition, the performance and stability of geosynthetic-reinforced soil bridges have been evaluated via numerical analyses [18] and their life cycle assessment [19]. However, only a few studies have focused on the installation of geosynthetic-reinforced retaining walls at the transition zone of the railway abutment.



The above studies have something in common that they make the change of stiffness smooth in the transition zone. Because the transition zone composed of soil material has a lower stiffness than a bridge with concrete, structural and material methods have been employed to increase the stiffness of the transition zone.



In this study, the low compressibility and applicability of the geosynthetic-reinforced retaining wall using cement-treated gravel as a backfill material in the transition zone was evaluated. For this study, a reinforced subgrade for railway (RSR) was constructed in an abutment transition zone at the Osong railway test line in Korea, and long-term measurement was performed during and after the construction.




2. Design and Construction of RSR Abutment and Transition Zone


By initially constructing the backfill which is reinforced with a geogrid, followed by a rigid facing wall, the resultant RSR can minimize the residual settlement, as illustrated in Figure 1 [20,21]. Through the integration of the geogrid and the rigid facing wall, the bearing capacity of the subgrade can be increased, and horizontal earth pressure can be reduced [22,23]. Moreover, unlike segmental retaining walls reinforced with geosynthetics, the RSR eliminates any occurrences of local failure; thus, this subgrade is suitable for supporting large and frequent railway loads.



2.1. Design of RSR Abutment and Transition Zone


By issuing a field change request, the conventional reinforced concrete (RC) retaining wall was changed to an RSR. In the previous design, because of the short distance between the retaining wall and the adjacent road, the foundation of the retaining wall intruded onto the adjacent road. In addition, owing to the proximity of the site to a high-speed railroad, there were concerns that large pieces of equipment such as a crane may fall toward the high-speed railroad; thus, the construction was conducted at night during a 3 h period, from 01:00 to 03:00 AM, to obey Korean regulations. Nevertheless, the RSR could be constructed in a narrow working space without the need for any large equipment.



The site investigation results are listed in Table 1. The landfill and sedimentary layers comprised clayey sand and sandy clay, respectively. Although the ground contains clayey soil, it was in a stiff state with a high n value (n = 8–13), but the layer thickness was not thick.



The RSR was constructed at a height of 2.6–7.4 m and, including abutment transition zones, the total length was 156.0 m in STA.1k662.90–1k820.00 of the Osong railway test line in Korea. In this study, the STA.1k665 cross section in the abutment transition zone was selected for stability analysis, and its behaviors were subsequently evaluated.



As depicted in Figure 2, the bench cut size for the foundation is reduced, and instead of installing steel piles with a length of 11 m, the ground stability was improved by installing cast-in-place (CIP) concrete piles with lengths of 1.5–2.0 m. The length of the short geogrids is 2.60 m (35% of the wall height), and the length of the long geogrids is selected to satisfy the criteria for safety against circular failure, sliding, and overturning. These geogrids provide a tensile strength of 100 kN/m and a design tensile strength of 50 kN/m. Kim (2017) verified the stability of this RSR section during the dry and wet seasons, as well as during earthquakes using the RSR design program developed by the Korea Railroad Research Institute, as summarized in Table 2 [24].




2.2. Construction of RSR Abutment Transition Zone


The construction details of the RSR are as follows: (1) first, the cast-in-place concrete pile was installed. (2) Subsequently, the bench cut was applied, and the 3% cement-treated gravel was spread out and compacted. (3) Thereafter, a 1 m-high small-strip foundation was installed. (4) Geogrids and nets of welded rebars were installed, (5) the cement-treated gravel was laid, (6) followed by compaction, (7) and then the geogrid was rolled up. (8) Steps (4) to (7) were repeated to obtain the 17th layer. (9) Subsequently, the backfill was stabilized, (10) the rebars and connectors were installed, (11) and the forms and placement of the concrete for the rigid wall were carried out. Finally, (12) the RSR was completed.



The construction stages are illustrated in Figure 3, and the time schedules and major milestones in the RSRs construction are listed in Table 3. The backfill materials for the RSR that were applied to the sections in accordance with the Korean Railway Design Standard for Roadbed are depicted in Figure 4 [25]. The properties and compaction conditions for backfill materials are summarized in Table 4. The 3% cement-treated gravel was applied for the ⓑ section, and gravel with a maximum diameter of 63 mm was applied for the ⓒ section.





3. Installation of Sensors and Measuring Devices


To analyze the behaviors of the RSR which was applied to the abutment transition zone, 19 geogrid strain gauges, 3 horizontal earth pressure gauges, and settlement rods for the ground and the backfill surface were installed and measured during the construction process. The long-term measurements were conducted over a period of 16 months, including the 2.6 month-long construction period, and the RSR behaviors were identified. A schematic view of the measuring sensors is illustrated in Figure 5.



To distinguish the settlement of the ground and embankment, the settlement rods were placed on the ground and backfill surface, respectively. The settlement rod for the ground comprised a 1 m × 1 m square plate and a rod with a 15 mm diameter that could be extended as the backfill height was increased by 1 m. The surface settlement rod, featuring a circular steel plate with a 300 mm diameter and an attached 400 mm high rod, was installed at a distance of 0.5 m from the edge of the backfill. Considering the field conditions, the settlement measurements were performed after the completion of the embankment construction (from day 23 to day 274). The horizontal earth pressure gauges were installed at the net of the welded rebars at the 2nd, 10th, and 16th layers to observe the variation in the horizontal earth pressure with respect to the height. The strain gauges were installed on the 2nd and 5th layers and the 10th, 13th, and 16th layers for the short and long geogrids, respectively. The strain gauges on the short geogrids were installed at a distance of 0.5, 1.5, and 2.5 m from the exterior of the reinforced backfill. The strain gauges on the long geogrids were installed at a distance of 0.5, 1.5, and 2.5 m for the 10th layer, 0.5, 1.5, 3.5, and 5.5 m for the 13th layer, and 0.5, 1.5, 3.5, 5.5, 7.5, and 9.5 m for the 16th layer. The installed sensors used for the measurements are shown in Figure 6.




4. Results and Analysis


4.1. Settlement


The settlements of the ground and surface of the embankment over time after the construction of the reinforced backfill are plotted in Figure 7, and the circled numbers indicate the work schedules stated in Table 3. Settlement measurements were performed for 341 days and for 252 days for the ground and surface, respectively, after the reinforced backfill was completed. The surface settlement changes considerably immediately after the completion of the reinforced backfill construction and converges over time. In particular, the maximum surface settlement is 23.1 mm less than the allowable residual settlement stated in the Korean Railway Design Standard for roadbed construction (30 mm).



The difference in settlements of the ground and surface of the backfill was considered as the net settlement of the backfill. The variation of net embankment settlement and rainfall over time is plotted in Figure 8. Immediately after the completion of the reinforced backfill construction, a compression settlement of 4.5 mm occurred and exhibited a stable condition (1.82–3.09 mm) prior to the wall’s construction. The rate of total net settlement of the reinforced backfill was 0.12%. Moreover, additional settlements of 4.06 mm and 1.19 mm occurred owing to the construction of the rigid facing wall and heavy rainfall, respectively. Because the reinforced backfill supports the wall in the RSR structure, additional settlement occurs under the weight of the wall. During heavy rainfall, additional settlement occurred as the soil particles were relocated by the water penetrating through the reinforced backfill [26,27]. Considering the reinforced backfill height of 6.8 m, the rates of each additional settlement were 0.06% and 0.02%, respectively. The low compressibility of the RSR when using cement-treated gravel as a backfill was confirmed.




4.2. Horizontal Earth Pressure


The variation in the horizontal earth pressure as a function of the height over time is represented in Figure 9. During the construction of the reinforced backfill, the pressure increases with the weight of the soil, which is the largest at the second layer. Even after the completion of the reinforced backfill, the horizontal earth pressure increases moderately without any increase in the overburden load. The increase in earth pressure generated during the backfill stabilization process was similar to that of the RSR using sand soil as a backfill [23]; however, this value was considerably smaller for the backfill using cement-treated gravel.



Upon the completion of the rigid facing wall, the horizontal earth pressure tends to increase at the 2nd layer, whereas the horizontal earth pressure tends to decrease at the 10th and 16th layers. Notably, the RSR supports the concrete pouring pressure by connecting the net of welded rebars to the formwork. Considering this fact, the decrease in the horizontal earth pressure presumably occurred because the concrete pouring pressure applied to the net of welded rebars resulted in the horizontal displacement of the reinforced backfill.



The horizontal earth pressure at the 16th layer increased immediately after the completion of the rigid facing wall. Presumably, these effects, owing to rainfall and the overburden pressure exerted by the reinforced roadbed and track on the 16th layer, were prominent because of this layer’s proximity to the surface. In the interim between the construction of the rigid facing wall and the reinforced roadbed, the horizontal earth pressure increases to 5.1 kPa in the 2nd layer, 2.8 kPa in the 10th layer, and 21.7 kPa in the 16th layer, which was 4.2–7.8 times larger than the pressures of other layers.



For the period between the completion of the reinforced backfill and the initiation of the rigid face wall, the variation in the distribution of the horizontal earth pressure with respect to the height is plotted in Figure 10. The horizontal earth pressure in the second layer (1.0 m) increases from 41% to 54% of the Rankine’s active earth pressure considering the friction angle of 35° used in an existing design. Moreover, it increases from 45% to 63% and from 87% to 148% of the Rankine’s active earth pressure in the 10th layer (4.2 m) and 16th layer (6.6 m), respectively. Except for the 16th layer, which is heavily influenced by the external environment, such as construction works, the horizontal earth pressure in all layers is similar to that of granular soil with a friction angle of 45–50°. This entails an increase in the shear strength of the backfill in the RSR using cement-treated gravel. Notably, the higher the shear strength, the higher the stiffness encountered in the soil will be [28,29], and, accordingly, the low compressibility of the RSR can be confirmed indirectly.




4.3. Geogrid Strain


The variation in the geogrid strain measured at the layers over time is illustrated in Figure 11. The maximum increase in the geogrid strain of 0.811% during and after construction was measured at the fifth layer. This value is equivalent to 16% of the geogrids’ design tensile strain (5%). In addition, the maximum geogrid strain of 0.784% was measured at the fifth layer (2.2 m) during the construction of the reinforced backfill.



Except for the second layer, the maximum strain increases were measured for all layers during the construction of the reinforced backfill. The results demonstrate that the increase in the overburden load with the backfill height significantly influences the deformation of the geogrids. Considering the limited soil deformations in the second layer owing to the confining effects of the foundation, the geogrid deformation at the second layer was assumed to be minimal. Following the completion of the backfill construction process, the deformation of the geogrid resulting from the wall load increment, reinforced roadbed, and track construction is approximately negligible.





5. Conclusions


In this study, the RSRs performance at the abutment transition zone of the railway was evaluated. Notably, this subgrade was reinforced with cement-treated gravel and a geogrid. The conclusions from the analysis results of the long-term measurement of settlement and horizontal earth pressure are as follows:




	(1)

	
During the stabilization period, the net settlement of the reinforced backfill converged at the early stage of subgrade construction, and the subsequent increase in settlement was dominated by that occurring in the ground. The rate of total net settlement of the reinforced backfill was 0.12%. In the RSR, because the reinforced backfill supported the rigid facing wall, additional settlement occurred as a result of the wall load and rearrangement of soil particles owing to rainfall. The additional settlement caused by the wall load and rainfall was 0.06% and 0.02%, respectively. The results confirm the low compressibility of the RSR reinforced with cement-treated gravel and geogrid.




	(2)

	
The horizontal earth pressure was reduced to a level of 54–63% of Rankine’s active earth pressure. In view of the decrease in active earth pressure, the shear strength of the cement-treated gravel was considered similar to that of granular soil with a friction angle of 45–50° for practical designs. In particular, the higher the shear strength, the higher the stiffness encountered in the soil would be; thus, the low compressibility of the RSR could be confirmed indirectly.




	(3)

	
The measured maximum geogrid strain was equivalent to 0.784%, which indicated the stability of the RSR in the event of pullout and rupture of the geogrid. Upon the completion of the backfill, the geogrid deformation resulting from the increase in the overburden load was approximately negligible.
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Figure 1. Construction of reinforced subgrade for railways (RSR) [23]. 
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Figure 2. Design of RC retaining wall and RSR: (a) originally designed RC retaining wall; (b) RSR design. 
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Figure 3. RSR construction process. (1) Installation of cast-in-place concrete pile; (2) bench cut, spreading, and compaction processes of 3% cement-treated gravel; (3) installation of small strip foundation; (4) installation of geogrids and nets of welded rebars; (5) laying of 3% cement-treated gravel; (6) compaction; (7) rolling up the geogrid; (8) repetition of steps (4) to (7) to obtain the 17th layer; (9) stabilization of the embankment; (10) installation of rebars and connectors; (11) installation of forms and placing of concrete for rigid wall; (12) curing and completion of RSR. 
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Figure 4. Backfill materials of transition zone. 
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Figure 5. Location of installed sensors. 
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Figure 6. Installed sensors: (a) surface settlement rod; (b) ground settlement rod; (c) horizontal earth pressure meter; (d) strain gauge. 
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Figure 7. Settlements of RSR over time. 
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Figure 8. Net settlement of reinforced backfill and rainfall over time. 
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Figure 9. Variation of the horizontal earth pressure over time. 
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Figure 10. Variation in horizontal earth pressure over height. 
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Figure 11. Variation of geogrid strain over time: (a) 2nd layer (short geogrid); (b) 5th layer (short geogrid); (c) 10th layer (long geogrid); (d) 13th layer (long geogrid); (e) 16th layer (long geogrid). 
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Table 1. Site investigation results.
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	Depth

(m)
	Thickness (m)
	Layer Descriptions
	n Values 1 (Number of Blows/cm)





	0–1.4
	1.4
	Landfill layer

Medium stiff clayey sand
	13/30



	1.4–3.7
	2.3
	Sedimentary layer

Stiff sandy clay
	8/30–12/30



	3.7–12.0
	8.3
	Weathered soil layer

Soft to very stiff silty sand
	16/30–50/9



	12.0–15.0
	3
	Weathered rock layer

Very stiff weathered

Granite
	50/10–50/7







1 The number of hammer blows required to penetrate the sampler by 0.3 m in the standard penetration test.
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Table 2. Results of stability analysis [24].
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Factors of Safety

	
Loading Conditions




	
Dry

	
Wet

	
Earthquake






	
Circular Failure

	
2.011 > 1.500

	
1.802 > 1.300

	
1.681 > 1.100




	
Sliding

	
3.546 > 2.000

	
-

	
3.793 > 1.500




	
Overturning

	
3.712 > 1.500

	
-

	
2.715 > 1.100
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Table 3. Construction working schedules.
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	No.
	Measurement Date
	Works





	①
	
	Installation of CIP concrete pile



	②
	Day 0
	Work starts on the reinforced backfill



	③
	Day 23
	Completion of reinforced backfill



	
	
	Stabilization period



	④
	Day 185
	Work starts on the rigid facing wall



	⑤
	Day 242
	Completion of the rigid facing wall



	⑥
	Day 308
	Completion of the reinforced roadbed



	⑦
	Day 428
	Completion of the track
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Table 4. Properties and compaction conditions for backfill materials.






Table 4. Properties and compaction conditions for backfill materials.





	Zones
	Materials
	Properties and Compaction Conditions





	ⓐ
	Reinforced roadbed (Crushed gravel)
	Dmax 1 = 31.5 mm, over 100% OPM 2



	ⓑ
	Cement-treated gravel
	Dmax = 63 mm (Cement 3%), Ev2 3 ≧ 120 Mpa, Ev2/Ev1 3 < 2.2



	ⓒ
	Gravel
	Dmax = 63 mm, Ev2 ≧ 80 Mpa, Ev2/Ev1 < 2.2



	ⓓ
	Soil
	(Upper roadbed)

Ev2 ≧ 80 Mpa, Ev2/Ev1 < 2.3, over 95% ρd,max 4 

(Lower roadbed)

Ev2 ≧ 60 Mpa, Ev2/Ev1 < 2.7, over 90% ρd,max







1 Dmax: maximum particle diameter; 2 OPM: optimum moisture content; 3 Ev1 and Ev2: deformation moduli; 4 ρd,max: maximum dry density.
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