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Experimental and finite element assessments of the fastening system of 1 

fibre-reinforced foamed urethane (FFU) composite sleepers  2 

Mohammad Siahkouhi 1   Xinjie Li 2   Xiaodong Han 3   Sakdirat Kaewunruen 4   3 

Guoqing Jing 5 4 

Abstract 5 

Fiber-reinforced foamed urethane (FFU) sleepers are one of the new bespoke 6 

composite sleepers designed as a replacement alternative to timber sleepers with 7 

better mechanical properties and durability. This paper is the first to conduct both 8 

experimental and numerical studies into the structural integrity of fastening 9 

systems used in conjunction with FFU composite sleepers. In this study, 24 FFU 10 

specimens have been used for screw pull-out tests. Digital image correlation (DIC) 11 

is adopted to investigate the influences of critical parameters such as wet sleeper, 12 

sleeper drilled hole diameter (18 and 20 mm) and screw active length (80, 90 and 13 

110 mm) inside sleeper. The pull-out test results reveal that 0.3% moisture 14 

content in FFU specimens can decrease the pull-out strength around 18%, 19%, 6% 15 

and 13% between dry and water-absorbed specimens of 18-AD and 18-AW, 18-BD 16 

and 18-BW, 20-CD and 20-CW, and 20-BD and 20-BW, respectively. Specimens with 17 

20 cm hole have the highest pull-out loads of 71.9 kN and 68 kN in dry and water-18 
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absorbed states, respectively. Although the active length of the screw decreases 19 

from 110 mm to 90 mm, the pulling strength may decrease only around 14% and 20 

16% for dry and water-absorbed states, respectively. Sensitivity analyses exhibit 21 

that a reduction in elastic modulus and density of FFU specimens can decrease 22 

pull-out resistance of FFU specimens.  23 

Keywords: Railway tracks, Fastening system, FFU sleeper, Pull out test, FEM  24 

Introduction 25 

Railway timber sleepers have been used for nearly two centuries worldwide and 26 

there are millions of old timber sleepers at the end of their service life in railway 27 

lines that need to be replaced (Manalo 2011). However, good quality timber as a 28 

convenient replacement for the current timber sleepers has become scarce and 29 

more expensive. Railway authorities thus seek alternative materials that can be 30 

implemented in special locations under aggressive and hostile dynamic load 31 

conditions. To date, several composite railway sleepers have been developed as 32 

alternative railway sleepers in special locations such as switches and crossings, 33 

bridge ends, stiffness transition zone, and on the viaduct with restricted vertical 34 

space (Jing et al. 2020). Some examples of composite sleepers are recycled plastic 35 

sleepers, FFU sleepers, Carbonloc composite sleepers, and so on (Ferdous et al. 36 

2015).  37 

FFU composite sleepers have been adopted as an option for timber sleepers 38 

replacement in railway switches and crossing (Kaewunruen and Liao 2021). The 39 

field installation of the FFU composite can be observed in various countries such 40 



as in Australia, Germany, Japan, and the UK. Recently, FFU sleepers have been 41 

adopted in different parts of railway tracks such as bridge deck (Otter 2012) 42 

(SEKISUI 2021), switch and crossing (Kaewunruen 2014  Kaewunruen et al. 2017), 43 

subways (Koller) and conventional railway tracks (Jing et al. 2021). FFU composite 44 

was developed in 1978 to be used in railway track, and for the first time, it has 45 

been used in 1.3 km railway tracks in Japan since 1985 (Koller 2009). This kind of 46 

sleeper is also getting popular in other countries such as China, Taiwan, the USA 47 

and the rest of Europe. In China, FFU sleepers have been installed on a long-span 48 

railway bridge in Chongqing city (Liu et al. 2012). These sleepers have been 49 

installed in European railway tracks since 2004 started from Vienna, while 50 

Germany installed FFU sleepers on bridges and turnouts since 2011 (Koller 2015). 51 

FFU sleepers are manufactured from longitudinal long continuous glass fiber 52 

reinforcement and random fiber in the transverse direction within hard type poly-53 

urethane foam (Takai et al. 2006). This type of sleeper has several advantages 54 

compared with traditional railway sleepers (wooden, steel and concrete sleepers) 55 

such as easy to drill and cut, good durability, higher flexural strength and modulus 56 

of elasticity, lightweight, good resistance to water absorption, heat and corrosion, 57 

and its longer than 50 years of service life (Ferdous et al. 2015). The Sekisui FFU 58 

sleepers, specifically, use screw with 20 mm diameter and 80 mm active length 59 

similar to 20-BD specimen of this study (Koller 2009) while Queensland Rail’s 60 

screws are most similar to 18-BD specimen of this study with 18 mm diameter 61 

screw and 80 mm active length (Murray 2006), and China uses both 18-BD and 20-62 



BD systems (Liu et al. 2021).  63 

(Kaewunruen and Liao 2020) compared the sustainability of concrete bearers and 64 

FFU sleepers in railway switches and crossings based on the calculations of 𝐶𝑂2 65 

emissions and energy consumption. Results showed that using FFU material leads 66 

to higher initial energy consumption and 𝐶𝑂2 emissions than concrete. But, the 67 

high maintenance frequency and relatively low lifespan of concrete sleepers 68 

resulting in higher energy consumption and 𝐶𝑂2 emissions during their lifespan. 69 

(Yu et al. 2021) assessed screw pullout behavior of FFU sleepers because the 70 

limited understanding of this topic is one of the main barriers in front of the wide 71 

adoption of available composite railway sleepers. Because low shear strength 72 

parallel to the longitudinal fibers, a linear to non-linear change pull-out behavior 73 

was detected identified by load decrease and loss of stiffness before 20kN. This 74 

change specified the initiation of minor cracking. (Kaewunruen 2014) investigated 75 

the acoustic and dynamic characteristics of FFU sleepers, finally, it is concluded 76 

that FFU composite sleeper performance is almost equivalent to that of a hard-77 

wood timber sleeper. In another study by (Kaewunruen et al. 2020), the dynamic 78 

properties of FFU specimens were investigated in wet and dry states. Therefore, 79 

FFU specimens were immersed in deionized water for 24 hours resulting in 1-3% 80 

water absorption. Final results show that the water absorption affects damping 81 

behaviour and natural frequencies of the FFU specimens up to 4% and 7%, 82 

respectively, under wet/dry conditions. (Koller 2009) reviewed some recent 83 

studies on FFU sleepers. The fatigue, electrical and impact resistance of FFU 84 



sleepers obtained from laboratory experiments were presented. The impact test 85 

results showed the stability of FFU sleepers which demonstrates the constancy of 86 

the track gauge as there were no signs of warping or twisting as a result of the 87 

impact loads. In the case of fatigue resistance, the FFU sleepers did not have any 88 

cracks after two million cyclic loads. In addition, the electrical resistance of FFU 89 

synthetic wood was calculated as a value of 71.9 k, which satisfies the minimum 90 

permissible value. (Jing et al. 2021) investigated lateral resistance of FFU sleepers 91 

with different optimized shape. The FFU sleeper with trip block at the bottom 92 

surface increased lateral resistance of sleeper. Transportation technology center, 93 

Inc., (TTCI 2021) investigated long-term behavior of FFU sleepers on bridge deck 94 

since 2009. It showed that FFU sleeper had a good resistance against track loads. 95 

The FFU sleepers had an average middle deflection by 0.35 cm accumulated after 96 

more than 1200 million gross tons (MGT).  97 

Several limitations on application of FFU sleeper have been addressed so far such 98 

as their higher price (Gerard and Mckay 2013), lower shear strength and shear 99 

modulus due to the lack of transverse directional fibers and their compliance with 100 

occupational health, safety and environment (OHSE) guidelines (Sengsri et al. 101 

2020).  102 

Ballasted railway tracks may have several defects during their service life, such as 103 

fouled ballast, ballast breakage, hanging sleepers etc. (Esmaeili et al. 2020). One of 104 

the main problems in ballasted railway tracks that mostly causes the deterioration 105 

of timber sleepers is the poor drainage system (San udo et al. 2019). This problem 106 



is often caused by ballast contamination resulted from mostly ballast breakage and 107 

the combination of fine materials of the lower granular layer with ballast particles. 108 

Therefore, the voids between the ballast particles are filled (Paiva et al. 2015) 109 

which can lead to water trapped around sleepers, especially, in high-intensity 110 

raining spots as shown in Fig. 1. (Kaewunruen et al. 2017) reviewed the georisks 111 

under climate uncertainties, including increased rainfall, for railway sleepers. It is 112 

concluded that ballast-sleeper interaction can be negatively affected by 113 

incompressible fluid stagnant on tracks. Timber sleepers can be softened by 114 

adjacent water resulting in the soffit of the sleepers and the ballast-sleeper 115 

interlocking. 116 

  
Fig. 1. The rainwater accumulated in the ballast layer (Paiva et al. 2015). 

In addition, it can cause a corrosive environment for steel sleepers  reduce 117 

mechanical properties of timber sleepers  and may affect FFU sleeper 118 

performance as well, which will be emphasized in this current research.    119 

Pull-out test is one of the main tests to recognize the fastening system’s mechanical 120 

behavior within sleepers. The (AREMA 2013), (AS1085.22 2020), (CJ/T399 2012) 121 

and (JIS1203 2007) present the minimum pullout strengths for sleepers as 20 kN, 122 

40 kN, 40 kN and 30 kN, respectively. (Ferren o et al. 2019) studied the behavior of 123 

the spring clip of the SKL-1 fastening system of concrete sleepers. The results 124 

Timber sleeper 

Fouled ballast 

Timber sleepers 

Fouled ballast 



presented that the fatigue of a spring clip under normal conditions is a very 125 

unlikely event. (Chen et al.) performed a series of pull-out test to obtain the 126 

relationship between the bolt ultimate pull-out capacity and the effective 127 

anchorage length. The results showed that the bending failure pattern different 128 

from the shearing failure pattern may occur when the dowel bears an extent of 129 

pull-out load. Furthermore, the ultimate pull-out ability of the dowel has a linear 130 

relationship with the value of rings for damaged thread, and the effective fastening 131 

length of the bolt. (Dersch et al. 2019) studied the background on the broken spike 132 

problems for timber sleepers. A validated FE model was developed to quantify the 133 

magnitude and location of spike stress concentrations. The results showed that 134 

the depth to the maximum stress concentration increases as the ratio of 135 

longitudinal to lateral load increases. (Lotfy et al. 2017) studied the interactions of 136 

plastic composite sleepers with the fastening system components to understand 137 

the behavior of these materials. The rail spike pull-out and lateral restraint for 138 

both screw and cut spikes were investigated. Screw spikes designed for composite 139 

plastic sleepers demonstrated very good performance, surpassing the minimum 140 

recommendations by AREMA. Technology University of Mu nchen (Munchen 2008) 141 

investigated the pull-out resistance of the fastening system of the FFU sleepers. 142 

The average of 61 kN tensile load is reported for FFU sleepers pull-out strength.  143 

According to the above-mentioned papers, FFU sleepers are strong enough that 144 

failure of which is a very unlikely event under normal conditions.  145 

No research has ever addressed the fracture behavior of Fiber-reinforced foamed 146 



urethane (FFU) composite sleepers in pull-out test combined by digital image 147 

correlation (DIC) test in both dry and wet states. Therefore, this study is the first 148 

to specify the wet/dry influence on pull-out resistance of the material. Moreover, 149 

railway track fastening systems are mainly exposed to dynamic loads and both 150 

wet/dry conditions in reality. Thus it is critical to get the insight into their 151 

mechanical behavior with different screws and sleeper hole to assure the safety 152 

and workability. Wet FFU specimens have been assessed using pull-out tests and 153 

their fracture behavior is measured using the digital image correlation (DIC) test 154 

to measure crack strains and crack mouth opening displacement (CMOD). Two 155 

different diameters FFU sleeper holes as 18 mm and 20 mm and two different 156 

screw diameters as 22 mm and 24 mm are fixed in different active lengths of 80 157 

mm, 90 mm and 110 mm, and are tested for wet and dry states. Therefore, FFU 158 

specimens are tested with almost 0.3% absorbed water by weight under the pull-159 

out test to study whether it can influence its mechanical behavior. This sleeper 160 

material is known for its low water absorption, so they were kept for 3 days in the 161 

water basin. Concerning the low drainage of some part of the ballasted railway 162 

track during the service life of FFU sleepers longer than 50 years, a high amount 163 

of water can be accumulated around this sleeper that is one of the concerns related 164 

to FFU sleepers’ application. In addition, sensitivity analyses have been done to 165 

unprecedentedly determine the influences of material properties on pull-out 166 

capacities. This insight can enable engineers to plan effective, predictive and 167 

preventative maintenance activities due to the degradation of railway track 168 



components and materials. 169 

Materials and methods 170 

The cubic specimens with holes are extracted from an FFU sleeper factory located 171 

in Luoyang city, China (Sunrui 2021). The length, width and height of the cubic 172 

specimens are 150 mm, 150 mm and 140 mm, respectively (Fig. 2). Steel screws 173 

are fabricated in 38Si7 steel with 235 MPa yield strength. To measure the pull-out 174 

strength of screw inside of FFU specimens, two types of a screw which are 175 

currently used for FFU railway sleepers in China and 24 standard FFU specimens 176 

were manufactured as shown in Table 1. To gain 0.3% water absorption by weight 177 

for FFU specimens, they have been placed inside of a water tank for 3 days without 178 

screws (Kaewunruen and Tang 2019). Water absorption of FFU specimens is much 179 

lower than timber sleepers (>20%), so that after 3 days, tested FFU specimens 180 

absorb only 0.3% of water by weight compared with timber counterpart that can 181 

absorb water by 19-28% after 1 day (Kaewunruen et al. 2020). The water 182 

absorption content is measured according to the ASTM D5229 standard (ASTM 183 

2020). An FFU synthetic sleeper is manufactured using a pultrusion-extrusion 184 

technique (Fig. 3). Continuous longitudinal glass-fiber strands are soaked in 185 

polyurethane (Fig. 3a & b) curing at a raised temperature and compression shown 186 

in Fig. 3c. 187 

Table 1. Properties of FFU specimens considering FFU holes, screw diameters and screw active 188 

length. 189 

Properties 

Wet Dry 
Specimen 

ID 

FFU hole Screws-(1&2) active length 

18 mm 80 mm A 18-AW 18-BW 18-AD 18-BD 



20 mm 
90 mm 

110 mm 

B 

C 
20-BW 20-CW 20-BD 20-CD 

 190 

 

 
(a) (b) 

Fig. 2. An overview of (a) FFU specimens hole diameter and (b) screws length and diameter 

used in pull-out test of fastening system. 

 

 
Fig. 3. The manufacturing process of FFU sleepers. 191 

Experimental study 192 

Pull out test 193 

3.1.1. Test setup 194 

Fig. 4 shows the pull-out test equipment. Two loading Jack have been used to 195 

provide the pull-out loads. The maximum load of each jack is around 200 kN. The 196 

pull-out force has been measured using load cells placed between fixed part and 197 

Jacks. The corresponding vertical displacements have been recorded during tests 198 

using a linear variable differential transformer (LVDT) with 100 mm measuring 199 

capacity. The pull-out test has been performed for both wet and dry specimens in 200 



an identical process. Tests are conducted based on DIN EN 13481-2 (Standard 201 

2007-06). The FFU specimens were fixed and then the screws were lifted upward, 202 

vertically, by loading jig at a rate of 2 mm/ min until the screw is departed. 203 

 204 

Fig. 4. A test machine layout for pull-out test of FFU specimens. 205 

3.1.2. Pull-out results 206 

Fig. 5 shows the final results of 8 FFU specimens out of 24 tested in this research. 207 

Dry specimens show higher pull out strength compared to wet ones. The highest 208 

strength belongs to 20-CD with 71.9 kN, which is followed by 20-CW, 20-BD, 18-209 

BD, 18-AD, 20-BW, 18-BW and 18-AW with strengths of 68 kN, 61.7 kN, 59.6 kN 210 

and 52.9 kN, 51.3 kN, 44.6 kN and 43.6 kN, respectively. As can be seen, wet 211 

specimen of 20-CW with a 20 mm hole and 110 mm screw active length has higher 212 

strength rather than other wet specimens as well as its dry state. As expected in 213 

Table 2, about 0.3% of water can significantly reduce FFU sleeper strength. So that 214 

Load cell 

Loading Jack 

LVDT 

Screw 

FFU specimen 
Fixed part 

Moving part 



the strengths of dry and wet specimens of 18-AD and 18-AW, 18-BD and 18-BW, 215 

20-CD and 20-CW, and 20-BD and 20-BW decrease around 18%, 19%, 6% and 216 

13%, respectively. The standard deviation (σ) is calculated for pull-out-test results, 217 

as shown in Fig. 5. It is apparent that 20-CD and 20-CW have proportionally higher 218 

tensile strengths compared with the standard deviation of all specimens, whilst 219 

18-AW and 18-BW have relatively low strengths.  220 

 221 
Fig. 5. Pull-out test results based on maximum tensile load of screw and corresponding 222 

displacement. 223 

Table 2. A comparison between wet FFU specimens and dry specimens pull out strength. 224 

Specimen ID 18-AD 18-AW 18-BD 18-BW 20-CD 20-CW 20-BD 20-BW 

Maximum 

tensile load (kN) 
52.9 43.6 55 44.6 71.9 68 58 51.3 

Difference (%) 18 19 6 13 

Average of three 

specimens (kN) 
51.4 42.2 54.7 43.6 70.6 67.6 57.5 50.8 

Standard 

Deviation (kN) 
1.12 0.90 0.30 0.65 0.75 0.30 0.60 0.80 

Digital image correlation (DIC) 225 

Test setup 226 

There are some limitations to access the surface of FFU specimens during the test 227 

due to the pull-out test equipment, digital image correlation (DIC) test has thus 228 
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been implemented on the intact surface and failed specimens, which is sufficient 229 

to capture the crack opening and fracture behavior of FFU specimens. Moreover, 230 

some cracks may close after removing the load but the main target of this section 231 

is a comparison between residual strain and those cracks which remains visible to 232 

compare their openings. Therefore, DIC tests have been carried out for all of the 233 

specimens tested in this research. This DIC test has been performed for showing 234 

the fracture behavior of FFU specimens due to the pull-out test. The fundamental 235 

procedure is comparing the speckle locations before and after loading. The FFU 236 

samples potential damage zone is approximately 150 mm 150 mm. This zone is 237 

covered by a speckle pattern which is artificially created by the spray technique so 238 

that a layer of white color is spread on the surface of specimens followed by 239 

random black spots with a maximum diameter of 0.5 mm. This method was 240 

explained in another studies by the authors (Jing et al. 2021  Siahkouhi et al. 2022). 241 

Loaded and unloaded surface of FFU specimens are studied using the relationship 242 

between the black scale values in the undeformed and deformed states, which 243 

represents the initial level of distribution of scale values in the undeformed image 244 

(g(x, y)) that becomes g(x’, y’) in the deformed image which can transformed to 245 

each other using Eq. 1 and 2.  246 

x′ = 𝑎1 + 𝑎2𝑥 + 𝑎3𝑦 + 𝑎4𝑥𝑦 (1) 

y′ = 𝑎5 + 𝑎6𝑥 + 𝑎7𝑦 + 𝑎8𝑥𝑦 (2) 

where the 𝑎1 and 𝑎5 values stand for the translation of the center of the subset 247 

and the other parameters denote rotation and deformation.  248 



  

(a) Undeformed specimen (b) Deformed specimen 

Fig. 6. Schematic presentation of a (a) undeformed subset and the corresponding target subset 

(b) after deformation. 

This kind of DIC process can reveal the crack deformation before and after pull-249 

out tests. The vision-based measurement system for the estimation of the crack 250 

width is composed of a camera with 640  480 resolution and software for image 251 

acquisition and processing. Therefore, before the test, the specimen has been fixed 252 

in the specific place and then after the test they are also located in the same place 253 

to take photos for DIC analysis.  254 

 255 

Fig. 7. DIC test setup for capturing images before and after the specimen failure.  256 

Strain maps 257 

To provide a better picture of the propagation of the cracks, the failure stage of 258 

specimens is illustrated in Fig. 8. The results show the concentration of cracks for 259 

Subset i Subset i’ 

g (x, y) g (x’, y’) 



wet specimens rather than dry specimens. As the water absorption content of 260 

specimens increased, the localized strains become more prominent and increase 261 

in width, indicating crack propagation. It can be seen that water content leads to 262 

concentrating cracks resulting in higher crack openings. 263 

18 mm FFU hole and 80 mm screw active 

length 

18 mm FFU hole and 90 mm screw active 

length 

Dry Wet Dry Wet 

    

    
18-AD 18-AW 18-BD 18-BW 

20 mm FFU hole and 110 mm screw active 

length 

20 mm FFU hole and 90 mm screw active 

length 

Dry Wet Dry Wet 

    

    
20-CD 20-CW 20-BD 20-BW 

Fig. 8. Crack pattern and crack strains (%) for wet and dry FFU specimens.  

Crack mouth opening displacement (CMOD) 264 

There are several cracks on the surface of FFU specimens, the widest crack mouth 265 

opening displacements (CMODs) are reported using DIC test results. The failed 266 

specimens show more dominant cracks for wet specimens. The widest 267 

displacement of crack mouth opening is chosen as the main one in those 268 

specimens which have higher tensile loads and are reported in Fig. 9. It is shown 269 



that wet specimens have a higher crack opening so that 18-AW, 18-BW, 20-BW 270 

and 20-CW have crack openings almost 44%, 27%, 47% and 58% higher than 18-271 

AD 18-BD, 20-BD and 20-CD, respectively. While, in the dry state of the test, 18-272 

BD has a CMOD of 1.03 mm which is followed by 0.84 mm, 0.63 mm and 0.25 mm 273 

of 18-AD, 20-BD and 20-CD. In the wet condition, 18-AW shows higher CMOD with 274 

1.5 mm and 20-CW shows the lowest value as 0.6 mm.  275 

 276 

 277 
Fig. 9. The maximum CMOD of each FFU specimen after failure.  278 

Results and discussion 279 

Fig. 9 shows that some of the grooves inside of FFU specimens are crushed due to 280 

the pull-out forces. Those wet specimens have more crushed grooves that show 281 

more failure. In wet specimens, almost the whole length of grooves is crushed, 282 

excluding 20-CD. But in the dry state of specimens, the lower section of grooves is 283 

mostly crushed. Generally, a 20 mm specimen hole shows better performance 284 

rather than an 18 mm specimen hole, moreover, in 20 mm hole specimens, the 110 285 

mm length of the screw has a better performance compared to 90 mm. It should 286 
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be mentioned that all of 24 specimens show the same behavior, although just 8 287 

specimens are shown in Fig. 10. 288 

 289 

    

18-AD 18-AW 18-BD 18-BW 

    

20-CD 20-CW 20-BD 20-BW 

Fig. 10. Sections of FFU specimens after failure. 

 290 

According to Fig. 7, the identical fracture pattern of wet FFU specimens represents 291 

that absorbed water results in the concentration of strains in wet specimens. 292 

These wide cracks can be due to the uplift of wet specimens initiated by crushed 293 

grooves and the vertical movement of horizontal fibers. The presence of water can 294 

lose the placement of the horizontal fibers where the fracture can commence. 295 

Dimension of specimens cannot influence test results as the strain concentration 296 

happens nearby the hole.  297 

Numerical modeling 298 

Model development 299 

To determine the stress concentration and propagation on the FFU specimens, a 300 

2D numerical model is developed. The FEM model of FFU specimens can be seen 301 

in Fig. 11. Modeling components are modeled using deformable solids. The Hex 302 
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mesh is chosen for the discretization of both the FFU specimen and screws. The 303 

mesh size of the FFU specimen and screws are 1 mm. A mesh size sensitivity 304 

analysis is performed to check if the finer mesh size effects the final results of 305 

stress levels (Esmaeili and Siahkouhi 2019  Jing et al. 2020). The model is an 306 

axisymmetric 2D model which contains a half of the real specimen. The properties 307 

of FFU specimens are provided by the company catalogue (Sunrui 2021) as shown 308 

in Table 3. A tensile static load is applied to the screw. The FFU specimens are 309 

completely fixed identical to the experimental test for boundary condition 310 

definition.  311 

The FEM for dry specimen has been validated against both company parameters 312 

and experimental results. However, there is no data for wet specimens in case of 313 

density and young modulus. In this regard, densities are calculated using the ASTM 314 

method by dividing mass per volume of specimens. To obtain the wet young 315 

modulus of specimens, the validated method is used. Thus, by changing young 316 

modulus, the pull-out results are qualified with experimental results of wet 317 

specimens. The young modulus of dry specimen has been decreased to the value 318 

that the load-displacement graph of wet specimens with different screw and hole 319 

diameters are qualified with experimental results. For all of the wet specimens 320 

their young modules have almost 3-4% difference with dry young modulus 321 

provided by company. These values are identical in the plastic zone of specimens 322 

as well, because plastic behavior of materials is less effected by young modulus 323 

and mostly are related to yield stress and strain (Chaudhari and Chakrabarti 2012). 324 



Densities of wet specimens calculated using ASTM D5229 standard (ASTM 2020), 325 

which have a little difference of almost 0.4% with Dry state of specimens. 326 

  

Fig. 11. An overview of (a) FEM model compared to (b) the FFU specimen with screw. 

Table 3. The properties of FFU specimens and Screw used in FEM. 327 

Materials 
Density Young modulus Poison’s ratio 

kg/m3 MPa  

FFU 

specimen 

Wet 743 1005 
0.3 

Dry 740 1045 

Steel screw 7850 210000 0.27 

 328 

Model validation 329 

In order to validate the developed FEM model of pull out test, the load-330 

displacement curve has been used for the wet and dry FFU specimens. The same 331 

validation process has been adopted as in Refs. (Jing et al. 2021  Jing et al. 2020). 332 

As observed in Fig. 12, the FEM and experimental results show an excellent 333 

agreement. The maximum discrepancies between experimental and numerical 334 

results of pull out tests of 18-AD, 18-AW, 18-BD, 18-BW, 20-CD, 20-CW, 20-BD and 335 

20-BW are 1.7%, 1.5%, 0.5%, 0.8%, 1.7%, 2%, 0.17% and 0.09%, respectively, 336 

(a) (b)  Screw 

Hex mesh 

Modeling cut axis 

F
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which are less than 2% difference leading to a validated model (Table 4).  337 

    

18-AD 18-AW 18-BD 18-BW 

    
20-CD 20-CW 20-BD 20-BW 

Fig. 12. Validation graph for experimental test results and FEM. 

 338 

Table 4. The difference between maximum pull-out test load for experimental and FEM results. 339 

Specimens 18-AD 18-AW 18-BD 18-BW 20-CD 20-CW 20-BD 20-BW 

Pull-out 

load (kN) 

FEM 52 42.9 54.7 46.1 73.2 66.6 52.2 50.3 

Exp. 52.9 43.6 55 46.1 71.9 68 52.1 50.2 

Difference (%) 1.7 1.5 0.5 0.8 1.7 2 0.2 0.09 

 340 

Parametric studies 341 

After the validation of the FEM model, the von Mises stresses of both wet and dry 342 

specimens are separately measured and reported in Fig. 13 and Table 5. The von 343 

Mises stresses of all FFU specimens are measured and compared with different 344 

screw and hole diameters. Due to tensile stresses which occur in the specimens, 345 

the von Mises stress is used as a criterion to determine whether specimens reach 346 

a yielding limit. Most of cracks initiate in the zones with the highest stress 347 

accumulation (Diederichs et al. 2004). To find these zones and compare stress 348 

levels of specimens an elastic behavior study of specimens is enough. It is 349 
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concluded that the maximum stress in the dry specimens is greater than wet 350 

specimens. In addition, the maximum difference value between corresponding dry 351 

and wet specimens belongs to 20-CD and 20-CW because they have a higher 352 

pulling load compatible with the experimental tests. 20-BD and 20-BW show the 353 

lowest amount of difference between stress levels by 14% in wet and dry 354 

specimens which are followed by 18-AD and 18-AW, 18-BD and 18-BW, and 20-CD 355 

and 20-CW with 17%, 18%, and 36%, respectively. Fig. 14 presents von Mises 356 

stress development for FFU specimens of 25%, 50%, 75% and 100% of failure load. 357 

It can be concluded that there is no abnormal behavior such as a sharp increase in 358 

stresses after 75% failure load to 100% failure load between wet and dry 359 

specimens, excluding 18-AD and 18-AW. In these two specimens, although 18-AW 360 

has higher stress by 25%, 50% and 75% of total load, the final failure load (100%) 361 

generates lower stress compared to 18-AD. It can be due to the lower final strength 362 

of 18-AW rather than 18-AD. The 20-CD specimen shows a significant increase in 363 

stress from 75% to 100% failure load that shows the higher final strength of this 364 

specimen against tensile load. 365 
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Fig. 13. Von misses stress distribution contours (MPa) of FFU specimens in pull-out test 

simulation. 

 366 
Fig. 14. Von Misses stress of FFU specimens in 25%, 50% and 75% of failure load. 367 

 368 

Table 5. The difference between maximum von Mises stresses between wet and dry specimens in 369 

FEM. 370 

Specimens 18-AD 18-AW 18-BD 18-BW 20-CD 20-CW 20-BD 20-BW 

Stress (𝜎max𝑆) (MPa) 53 44 61 50 124 79 82 70 

Difference (%) 17 18 36 14 

Sensitivity analysis on the elastic modulus reduction 371 

As seen, 4% reduction in elastic modulus and 0.4% increase in density of FFU 372 

specimens due to 0.3% absorbed water result in a change in pull-out loads. 373 

Therefore, a sensitivity analysis has been done to measure the amount of pull out 374 

resistance of FFU specimen after changing their elastic modulus (E) and density 375 

(D). E and D of FFU specimens in FEM change corresponding to two different 376 

modeling groups (I & II) as shown in Table 6. In these two different modeling 377 

groups, different types of FFU composite sleepers are included to measure the 378 

influence of the two main parameters E and D with FEM. 379 

Table 6. The different properties of FFU specimens in FEM. 380 
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Group I 
Density (kg/m3) 500 740 950 1200 

Elastic modulus values (MPa) 1045 

Group II 
Density (kg/m3) 740 

Elastic modulus values (MPa) 784 940 1149 1306 

Fig. 15a presents the influences of changing density of FFU sleeper with values by 381 

500 kg/m3, 740 kg/m3, 950 kg/m3 and 1200 kg/m3. It can be concluded that higher 382 

density increases tensile strength. 18-AD specimen with 500 kg/m3 density has 383 

the lowest tensile strength as 48.3 kN, while 20-CD with 1200 kg/m3 density has 384 

the highest one as 76.2 kN.   385 

Fig. 15b shows that increasing elastic modulus enlarge tensile strength of 386 

specimens, while, reducing elastic modulus decline FFU specimens tensile 387 

strengths. According to four new values of elastic modulus as 783.75 MPa, 940.5 388 

MPa, 1149.5 MPa and 1306.25 MPa, it can be concluded that increasing elastic 389 

modulus has less effect on tensile loads than decreasing them, as can be seen, 18-390 

AD, 18-BD, 20-CD, and 20-BD specimens with almost 25% increase in elastic 391 

modulus to 1306.25 MPa have +7%, +7%, +13% and +14% higher tensile strength, 392 

respectively, while, for almost -25% reduction in elastic modulus to 783.75, the 393 

tensile strengths decrease by -40%, -50%, -45% and -40% percentages, 394 

respectively. The same trend is followed for other elastic modules. 395 



 

(a) 

 

(b) 

Fig. 15. Tensile load results from pull-out test of FEM model with different (a) densities and 

(b) elastic modulus. 

Conclusions 396 

This study aims to evaluate the influences of wet and dry conditions, sleeper 397 

drilled hole diameter, and screw active length inside of sleeper on the pull-out 398 

resistance of FFU sleeper fastening systems. DIC tests have been performed to 399 

evaluate the fracture on the surface of FFU specimens. In addition, a numerical 400 

model has been established and validated in order to determine the stress level of 401 

the FFU specimens under the pull-out action. The experimental test results 402 

demonstrate that only 0.3% of water absorption can significantly influence the 403 
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FFU sleeper performance. This research offers proof of concept and new evidence  404 

and more research is needed to verify the repeatability of the test results, and 405 

obtain conclusive evidence, which will be presented in the future. However it is 406 

important to note that FFU material complies with ISO9000 series, and the 407 

repeatability has been validated in the factory (unlike granular materials or soils). 408 

Our tests fully comply with all test standards for sleepers (in terms of material 409 

samplings and the number of specimens required).  The major experimental and 410 

numerical findings are categorized as follows: 411 

1. The highest pull out strengths in dry and wet states belong to the specimen 412 

with 20 mm hole and 110 mm active length of the screw inside of the specimen, 413 

with strengths of 71.95 kN and 68 kN, respectively.  414 

2. It is shown that wet specimens have a larger crack opening so that the wet 415 

specimen with an 18 mm hole and 80 mm screw active length has the widest 416 

crack mouth opening displacement as 1.5 mm.  417 

3. According to FEM results, dry and wet specimens with 20 mm hole and 110 418 

mm screw active length show the highest amount of difference between dry 419 

and wet states stress levels. 420 

4. Considering experimental and FEM results, it can be concluded that 20 mm 421 

FFU hole with 110 mm active length of a 24 mm thickness screw is the best 422 

option for FFU sleepers fastening system, especially in a wet condition with a 423 

high rate of water absorption potential. 424 

5. Changing elastic modulus and densities of FFU specimens show that specimen 425 



with 20 mm hole and 110 mm screw active length still have the maximum 426 

performance even in lower values of elastic modulus and density. Reducing 427 

elastic modulus and density of FFU specimens decrease pull-out resistance. 428 

Acknowledgment 429 

This paper has been supported by China Academy of Railway Science foundation 430 

(Grant No. 2020YJ081). S.K. gratefully acknowledge the European Commission for 431 

financial support of H2020 MSCA RISE Project No 691135. 432 

Data availability statement 433 

Some or all data, models, or code that support the findings of this study are 434 

available from the corresponding author upon reasonable request. 435 

References 436 

 437 

AREMA, L. (2013). "American railway engineering and maintenance-of-way 438 

association." Manual for railway engineering, 2, 55-57. 439 

AS1085.22 (2020). "Railway track materials: Alternative material sleepers." 440 

Standard. 441 

ASTM (2020). "Standard Test Method for Moisture Absorption Properties and 442 

Equilibrium Conditioning of Polymer Matrix Composite Materials." 443 

Chaudhari, S., and Chakrabarti, M. (2012). "Modeling of concrete for nonlinear 444 

analysis using finite element code ABAQUS." International Journal of 445 

Computer Applications, 44(7), 14-18. 446 

Chen, W., Wu, Z., Zhu, Z., Chen, W., Wang, W., and Zeng, Z. "Pull out and pre-447 

tightening force tests for plastic dowel of the railway sleeper considering 448 

the influence of installing torque and frost force." Construction and Building 449 

Materials, 267, 120948. 450 

CJ/T399 (2012). "Synthetic sleeeprs of fiber reinforced polyurethane foam." 451 

Dersch, M., Roadcap, T., Edwards, J. R., Qian, Y., Kim, J.-Y., and Trizotto, M. (2019). 452 

"Investigation into the effect of lateral and longitudinal loads on railroad 453 

spike stress magnitude and location using finite element analysis." 454 

Engineering Failure Analysis, 104, 388-398. 455 

Diederichs, M., Kaiser, P., and Eberhardt, E. (2004). "Damage initiation and 456 

propagation in hard rock during tunnelling and the influence of near-face 457 

stress rotation." International Journal of Rock Mechanics and Mining 458 



Sciences, 41(5), 785-812. 459 

Esmaeili, M., Ataei, S., and Siahkouhi, M. (2020). "A case study of dynamic 460 

behaviour of short span concrete slab bridge reinforced by tire-derived 461 

aggregates as sub-ballast." International Journal of Rail Transportation, 8(1), 462 

80-98. 463 

Esmaeili, M., and Siahkouhi, M. (2019). "Tire-derived aggregate layer performance 464 

in railway bridges as a novel impact absorber: Numerical and field study." 465 

Structural Control and Health Monitoring, 26(10), e2444. 466 

Ferdous, W., Manalo, A., Van Erp, G., Aravinthan, T., Kaewunruen, S., and 467 

Remennikov, A. (2015). "Composite railway sleepers–Recent developments, 468 

challenges and future prospects." Composite Structures, 134, 158-168. 469 

Ferren o, D., Casado, J. A., Carrascal, I. A., Diego, S., Ruiz, E., Saiz, M., Sainz-Aja, J. A., 470 

and Cimentada, A. I. (2019). "Experimental and finite element fatigue 471 

assessment of the spring clip of the SKL-1 railway fastening system." 472 

Engineering Structures, 188, 553-563. 473 

Gerard, V., and Mckay, M. (2013). "Recent Australian developments in fibre 474 

composite railway sleepers." Electronic Journal of Structural Engineering, 475 

13(1), 62-66. 476 

Jing, G., Siahkouhi, M., Edwards, J. R., Dersch, M. S., and Hoult, N. (2020). "Smart 477 

railway sleepers-a review of recent developments, challenges, and future 478 

prospects." Construction and Building Materials, 121533. 479 

Jing, G., Siahkouhi, M., Wang, H., and Esmaeili, M. (2021). "The improvement of the 480 

dynamic behavior of railway bridge transition zone using furnace slag 481 

reinforcement: A numerical and experimental study." Proceedings of the 482 

Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit, 483 

09544097211020603. 484 

Jing, G., Wang, J., Wang, H., and Siahkouhi, M. (2020). "Numerical investigation of 485 

the behavior of stone ballast mixed by steel slag in ballasted railway track." 486 

Construction and Building Materials, 262, 120015. 487 

Jing, G., Yunchang, D., You, R., and Siahkouhi, M. (2021). "Comparison study of crack 488 

propagation in rubberized and conventional prestressed concrete sleepers 489 

using digital image correlation." Proceedings of the Institution of Mechanical 490 

Engineers, Part F: Journal of Rail and Rapid Transit, 09544097211020595. 491 

Jing, G., Zong, L., Ji, Y., and Aela, P. (2021). "Optimization of FFU synthetic sleeper 492 

shape in terms of ballast lateral resistance." Scientia Iranica. 493 

JIS1203 (2007). "Synthetic sleepers - Made from fiber reinforced foamed 494 

urethane." JSA. 495 

Kaewunruen, S. (2014). "Monitoring in-service performance of fibre-reinforced 496 

foamed urethane sleepers/bearers in railway urban turnout systems." 497 

Structural Monitoring and Maintenance, 1(1), 131. 498 

Kaewunruen, S., Janeliukstis, R., and Ngamkhanong, C. (2020). "Dynamic 499 

properties of fibre reinforced foamed urethane composites in wet and dry 500 

conditions." Materials Today: Proceedings, 29, 7-10. 501 

Kaewunruen, S., and Liao, P. (2020). "Sustainability and recyclability of composite 502 



materials for railway turnout systems." Journal of Cleaner Production, 503 

124890. 504 

Kaewunruen, S., and Liao, P. (2021). "Sustainability and recyclability of composite 505 

materials for railway turnout systems." Journal of Cleaner Production, 285, 506 

124890. 507 

Kaewunruen, S., and Tang, T. (2019). "Idealisations of dynamic modelling for 508 

railway ballast in flood conditions." Applied Sciences, 9(9), 1785. 509 

Kaewunruen, S., You, R., and Ishida, M. (2017). "Composites for timber-510 

replacement bearers in railway switches and crossings." Infrastructures, 511 

2(4), 13. 512 

Koller, G. "Railway Track Construction with Eslon Neo Lumber FFU Synthetic 513 

Wood." 514 

Koller, G. (2009). "The use of sleepers made of FFU synthetic wood in Europe." 515 

Railway Technical Review, 2, 28-32. 516 

Koller, G. (2015). "FFU synthetic sleeper–Projects in Europe." Construction and 517 

Building Materials, 92, 43-50. 518 

Liu, A.-S., Yin, D., and Liu, G. (2012). "A Study on the Application of Resin Composite 519 

Sleeper in the Design of Long-Span Rail Bridges." Sustainable 520 

Transportation Systems: Plan, Design, Build, Manage, and Maintain, 523-531. 521 

Liu, J., Chen, R., Liu, Z., Liu, G., Wang, P., and Wei, X. (2021). "Comparative analysis 522 

of resistance characteristics of composite sleeper and concrete sleeper in 523 

ballast bed." Construction and Building Materials, 300, 124017. 524 

Lotfy, I., Farhat, M., and Issa, M. A. (2017). "Effect of pre-drilling, loading rate and 525 

temperature variation on the behavior of railroad spikes used for high-526 

density-polyethylene crossties." Proceedings of the Institution of Mechanical 527 

Engineers, Part F: Journal of Rail and Rapid Transit, 231(1), 44-56. 528 

Manalo, A. (2011). "Behaviour of fibre composite sandwich structures: a case 529 

study on railway sleeper application." University of Southern Queensland. 530 

Munchen, T. U. o. (2008). "Investigation on FFU synthetic wood sleeper-531 

researchreport：2466." 532 

Murray, M. (2006). " Study of Cost-Effective Alternatives to the Use of Durable 533 

Hardwood Timber Sleepers for Interspersed Maintenance Replacements 534 

on Australian  535 

Main, Secondary and Branch Railways." Queensland University of Technology. 536 

Otter, P., Ronald, Richard B. Joy, P.E. (2012). "Developments in Alternative Bridge 537 

Ties for Open Deck Steel Bridges." AREMA. 538 

Paiva, C., Ferreira, M., and Ferreira, A. (2015). "Ballast drainage in Brazilian railway 539 

infrastructures." Construction and Building Materials, 92, 58-63. 540 

San udo, R., Miranda, M., Garcí a, C., and Garcí a-Sanchez, D. (2019). "Drainage in 541 

railways." Construction and Building Materials, 210, 391-412. 542 

SEKISUI (2021). "SEKISUI to produce Synthetic Railway Sleepers (FFU) in Europe." 543 

<https://www.sekisui-europe.com/newshub/news-releases/news-544 

details-545 

https://www.sekisui-europe.com/newshub/news-releases/news-details-118/SEKISUI_to_produce_Synthetic_Railway_Sleepers_%28FFU%29_in_Europe
https://www.sekisui-europe.com/newshub/news-releases/news-details-118/SEKISUI_to_produce_Synthetic_Railway_Sleepers_%28FFU%29_in_Europe


118/SEKISUI_to_produce_Synthetic_Railway_Sleepers_%28FFU%29_in_E546 

urope>. (2021). 547 

Sengsri, P., Ngamkhanong, C., Melo, A. L. O. d., Papaelias, M., and Kaewunruen, S. 548 

(2020). "Damage detection in fiber-reinforced foamed urethane composite 549 

railway bearers using acoustic emissions." Infrastructures, 5(6), 50. 550 

Siahkouhi, M., Li, X., Han, X., and Jing, G. (2022). "Improving the Mechanical 551 

Performance of Timber Railway Sleepers with Carbon Fabric 552 

Reinforcement: An Experimental and Numerical Study." Journal of 553 

Composites for Construction, 26(1), 04021064. 554 

Standard, D.-a. E. (2007-06). "Railway applications - Track - Performance 555 

requirements for fastening systems - Part 2: Fastening systems for concrete 556 

sleepers (DIN EN 13481-2:2007-06)." 557 

Sunrui (2021). "Luoyang Sunrui Rubber & Plastic Science and Technology Co. 558 

Synthetic sleeper." 559 

<http://www.xssunrui.com/English/HOME/index.htm>. (14th December, 560 

2021). 561 

Takai, H., Sato, Y., and Sato, K. (2006). "Japanese twenty five years experiences and 562 

standardization of synthetic sleeper." JIS, 100, 2110. 563 

TTCI (2021). "evaluation of alternative bridge ties, hardware." Railway track and 564 

structures. 565 

Yu, P., Manalo, A., Ferdous, W., Salih, C., Abousnina, R., Heyer, T., and Schubel, P. 566 

(2021). "Failure analysis and the effect of material properties on the screw 567 

pull-out behaviour of polymer composite sleeper materials." Engineering 568 

Failure Analysis, 128, 105577. 569 

 570 

 571 

 572 

 573 

 574 

 575 

 576 

https://www.sekisui-europe.com/newshub/news-releases/news-details-118/SEKISUI_to_produce_Synthetic_Railway_Sleepers_%28FFU%29_in_Europe
https://www.sekisui-europe.com/newshub/news-releases/news-details-118/SEKISUI_to_produce_Synthetic_Railway_Sleepers_%28FFU%29_in_Europe
http://www.xssunrui.com/English/HOME/index.htm

