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ABSTRACT

A rail track system comprises a number of components and, in order to analyse and 

predict track behaviour, it is essential to understand the function of each component 

as each will have a major influence on overall track performance. Historically, rail track 

substructure, particularly the subgrade, has been given less attention than the 

superstructure despite its importance in track design. This paper presents a full-scale 

experimental investigation to study the behaviour of subgrade in both saturated and 

unsaturated conditions, and how this behaviour changes with soil suction. Further, the 

investigation also studies the role of sand-blanketing during and after repeated 

flooding events. The results show that as soil suction reduces, flooding results in a 

continual reduction in both soil stiffness and track stiffness. It is also shown that the 

introduction of a sand-blanket has limited effectiveness as a drainage material, 

particularly after prolonged and repeated flooding. 

Keywords: Full-scale railway testing, rail track settlement, soil suction, sand-blanket, 

railroad flooding, saturation. 
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1 INTRODUCTION

Subgrade evaluation and maintenance is both difficult and costly as it depends on 

several factors which include soil type, moisture content, shear strength, stiffness and 

consolidation (McHenry and Rose, 2012). Cui et al (2013) observed that the shear 

strength decreases with the increase of moisture content and hydraulic conductivity 

decreases with increasing soil suction. Ishikawa et al. (2016) also noted that shear 

strength decreases significantly due to both water content and fine particles increase. 

Toloukian et al. (2018 a, b) reported that ballast contamination with sand significantly 

decreased shear strength and lateral strength with the result that the ballast layer 

could not provide adequate support to the structure due to the presence of fine 

particles. Furthermore, poor subgrade and inadequate drainage can cause problems 

including ballast fouling, ballast pockets and pumping of fine particles. Train speed, 

cyclic loading, soil fineness, and low-bearing capacity of the formation layer all 

contribute to subgrade performance. Brough et al. (2003) reported that repeated 

loading, excess moisture content and poor drainage leads to subgrade failure. Water 

impacts on the ballast, sub-ballast and subgrade, but it is the sub-ballast and the 

subgrade which experiences a greater impact compared to the ballast layer (as the 

latter is a single sized rock (Ghataora et al., 2004; Ghataora and Rushton, 2012). The 

substructure of rail track is primarily focussed on the ballast and correction of track 

geometry, with subgrade invariably a second priority. Selig and Cantrell (2001) 

reported that the cost of maintenance and deterioration of track components are 

directly associated with drainage or subgrade conditions. Ghataora and Rushton 

(2012) observed that the subgrade soil had a major influence on the upper subgrade 

surface layer, particularly under cyclic loading and in the presence of water. Doung et 

al. (2013) reported that ballast behaviour significantly depends on subgrade state; in 

unsaturated conditions, the ballast and sub-soil interface did not change but, in a near-
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saturated state, a significant number of fine particles migrated into the ballast. Brough 

et al. (2006) also noted that the global track stiffness depends on the subgrade, thus 

the deterioration of vertical track geometry. 

Progressive shear failure occurs due to overstressing of a clay subgrade, an event 

which can be avoided by placing granular material to enhance drainage. Wenty (2005) 

reported that particle attrition resulted in the development of a slurry at the ballast-

subgrade interface due to the presence of water and heavy dynamic loading. 

Overloading of the subgrade creates water-pockets which cause attrition and can be 

avoided through the use of a granular blanket. Sharp and Caddick (2006) reported 

that sand-blanketing prevents upward movement of the slurry by filling the voids within 

the subgrade. If a slurry is formed under the clay it is retained in the clay and, in time, 

it dries out with the sand blanket increasing the stiffness of the granular layer. Sand 

blanketing is a common method of protecting subgrade soil and is generally a 

permeable layer of fine granular material thereby allowing water to drain from the 

subgrade surface (Bonnet, 2005). However, in a wet condition, the track becomes 

vulnerable - a situation which impacts on each component of the rail track system, in 

particular, the subgrade soil. 

2 EXPERIMENTAL TECHNIQUES AND MATERIALS

2.1 Materials and Track preparation

In the current work, rail track behaviour during flooding and recovery was studied using 

a full-scale test-rig; hereinafter, this facility is called GRAFT (Geopavement and 

Railway Accelerated Fatigue Testing) with overall dimensions 3 m long × 1.15 m high 

× 1.072 m wide. The experimental track set-up comprised a 700 mm bed of kaolin clay 

subgrade layer, a 100 mm kaolin clay formation layer, a 150 mm sand-blanketing and 

a 300 mm ballast layer.  Three, hardwood, half-sleepers were placed on the ballast 
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Table 1 Kaolin clay (subgrade) properties
Physical Property Value

Specific Gravity 2.64
Maximum dry density (Mg/m3) 1.54
Optimum moisture content (%) 23.8 
Liquid limit (%) 55.0
Plastic limit (%) 32.0
Plasticity index (%) 23.0
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Figure 2 The GRAFT facility showing the 150mm sand blanket layer placed on clay 

subgrade

2.2 The GRAFT Facility

To understand track behaviour after a flooding event, the GRAFT facility was used for 

this investigation which allowed testing at full-scale. A longitudinal cross-section of 

GRAFT is presented in Figure 3. As noted earlier, the track was constructed with three, 

half sleepers and a 3m long steel I-section which had similar stiffness properties to a 

BS 113A rail section (Kennedy, 2010) . The axle load was 25 tonnes as this is the 

maximum load permitted on UK track. The sleeper load factor was accounted for at 

85% due to the reduced load distribution as three sleepers were used (a 100% load 

distribution is found in 5 sleepers (Profillidis, 2006)). The load area stress factor was 

35%, evaluated from the deflection profile along a sleeper on the ballast surface (Selig 

and Waters, 1994). The dynamic load factor was 120% (Kennedy et al., 2012). The 

axle load used in the current study is only a guide as the exact load depends on several 

factors, such as type of sleeper, spacing and dimensions, subgrade quality etc. (Selig 
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and Waters, 1994; Profillidis, 2006). The applied load is P was calculated from the 

following equation (1), (Li et al., 2007, Kennedy, 2010), 

P = Axle Load (W) × Sleeper Load Factor (Slf) × Load area Stress Factor (Lsf) × 

Dynamic Load Factor (Dlf) (1) 

P = 250KN × 85% × 35% × 120% = 90KN

To allow water to drain from the tank, a sealable drainage port was located above the 

formation layer as shown in Figure 3. Two additional ports were located at the bottom 

of the tank. 

Figure 3 Longitudinal cross-section of the GRAFT facility

A plate load test (PLT) was undertaken in accordance with BS EN 1997-2:2007 to 

evaluate the subgrade stiffness. A series of stacked circular plates were placed in the 

1500mm



10

middle of the tank which comprised a 440 mm diameter plate placed on the subgrade 

surface, a 400 mm diameter load-cell and a further three, 300 mm diameter plates as 

shown in Figure 4. The corresponding vertical deflection of the bottom plate was 

measured using two linear variable displacement transducers (LVDT’s). The stressed 

zone of influence of the PLT was considered to be approximately two times the 

diameter of the plate (Ping et al., 2002),  hence the zone of influence of the test 

covered the full depth of subgrade in the GRAFT.

Figure 4 Plate load test set-up in the GRAFT

Initially, five, monotonic loading cycles were applied at a rate of 1 kN/s which was, 

subsequently, followed by 50 cycles applied at a rate of 0.1 Hz to obtain the load-

deflection curve.  Data were recorded at a frequency of 30 Hz and the applied load for 

the test was 15 kN. Regarding the latter, this value was used to avoid any substantial 

plastic settlement of the subgrade surface, as well as maintaining a stress level of 

approximately 100 kPa below the plate. 
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moisture content of the middle section of the subgrade (22%) was found to be less 

than the surface layer (100mm) and the lower section (500mm). With every simulated 

flooding event, the flood water directly affected both the upper and lower sections, 

whereas, the central section experienced increasing moisture content which was 

attributed to a capillary effect.

After flooding during Phase III, the entire subgrade soil properties changed 

significantly. The entire subgrade moisture content was almost similar. The top and 

bottom sections of the subgrade layer were affected most as these sections were 

contacted by water first. After completing the test, soil samples were collected to a 

depth over 600mm to evaluate moisture content, soil suction and void ratio. At depths 

100-600mm, the moisture content varied between 30-35% (Figure 6a) and the matric 

suction varied between 20-100kPa (Figure 6c); the void ratio was 0.79.   

Figures 6 (a) and (b) present the depth-related variation of moisture content and 

degree of saturation, matric suction and total suction at different test stages. After 

flooding, the upper layer of the subgrade was affected the most; however, after 4 and 

6 weeks, the moisture content and suction were similar throughout the entire subgrade 

indicating that an equilibrium condition had now been reached.
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Figure 7 Middle sleeper settlement behaviour during Phase-I

Traditional sand blanketing is used as a means for surface drainage and protection of 

the subgrade from erosion related problems such as upward migration of fines, ballast 

fouling and slurry formation. As a consequence, this can cause maintenance and 

performance issues for engineers (Sharpe and Caddick, 2006). After removing the top 

ballast, fine particles were observed in the ballast. Mud-pumping is a serious problem 

with track-bed, which occurs due to a combination of fine particles and water. Ayres 

(1986) stated that, despite a high strength subgrade, poor track performance could be 

as a result of slurried ballast.

Figures 8 (a) - (c) shows a layer of ballast which has penetrated into the sand blanket 

and Figure 8 (d) highlights the settlement under the three sleepers. In this situation, 

the track performance was deemed to be poor as sand-blanketing was unable to 

provide appropriate support to the track resulting in reduced ballast stiffness. However, 

sand blanketing protects the subgrade from erosion. After removal of the sand-blanket 

on completion of Phase-I, a noticeable settlement of the subgrade under three 

sleepers was observed (Figure 8). Sharpe and Caddick (2006) also reported that, on 

a number of occasions, sand blanketing failed to protect the subgrade from erosion.
































