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Abstract: Railway transportation, comprising freight and passenger transport, is the lifeblood of 8 

the social economy of a country today, especially for developing countries. Despite over a 9 

decade of operations, derailment accidents are among the most frequent accidents for railway 10 

transportation and may cause fatally or severe injury to passengers, loss of property and damage 11 

to the railway track. Hence, this study focuses predominantly on the structural response and 12 

performance evaluation of composite rail track slabs through 3D finite element analysis using 13 

ABAQUS. The response and performance of composite track slab subjected to derailment 14 

actions has been observed. Material strain-rate properties and impact loads have been introduced 15 

to the numerical simulation in order to investigate impact behaviours of composite slabs 16 

subjected to derailment loading in explicit dynamic analysis. Based on obtained results, it was 17 

found that 45 km/h in the direction of gravity is the limit impact velocity for the designed 18 

composite rail track slab. The outcome of this study will improve the design standard and 19 

calculation of composite rail track slabs subjected to derailment actions.    20 

Keywords: derailment; impact loading; impact velocity; strain-rate property; composite slab and 21 

finite element analysis 22 

1. Introduction 23 



Nowadays, railway transportation, including freight and passenger transport, plays a significant 24 

role in the economic development of a region or even a whole country. It is apparent that there 25 

are many irreplaceable merits of rail transportation. First, the rail sector performs better 26 

financially compared with air or road transportation, which is crucial for developing countries. 27 

Second, it can shorten transit time dramatically compared to shipping. Finally, it is adaptable to 28 

most geographical situations, so the transport route can be more flexible. However, unexpected 29 

train derailment accidents have become a substantial issue. Train derailment is common for both 30 

freight and passenger train accidents and it always has disastrous consequences due to its heavy 31 

weight and rapid speed [1-5]. 32 

According to the Rail Accident Report: Derailment at Grayrigg [6], an express passenger train, 33 

which was a nine-car, electric, multiple unit, travelling from London Euston to Glasgow, 34 

derailed near Grayrigg bridge in Cumbria at the speed of 95 mph (153 km/h) on 23 February 35 

2007  as shown in Fig. 1. This event caused severe damage to the train and injuries to the 36 

passengers and driver. One passenger was fatally injured; 28 passengers, the train driver and one 37 

other crew member received serious injuries and 58 passengers received minor injuries. 38 

 39 

Fig.1: Aerial view of the derailed train from the Grayrigg derailment [6] 40 



 41 

Table 1 shows the numbers of unexpected derailment accidents in the USA between 2007 and 42 

2016. It can be clearly seen that more than 1,000 events were observed every year between 2007 43 

and 2016 [7]. As a result, government and related industries should do more to control the risk of 44 

train derailments through the design and operation phase, informed by a full understanding of 45 

every previous accident. Kaewunruen and Remennikov [8-10] suggested that the impact loading, 46 

which has an extremely high magnitude over a short time period, should be considered in the 47 

limit states design method. 48 

Year 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 

Derailment 1,789 1,370 1,333 1,470 1,294 1,312 1,312 1,321 1,351 1,149 

Table 1. Derailments statistics in USA between 2007 and 2016 [7]  49 

 50 

Jafarian and Rezvani [11] used a persuasive method called ‘fuzzy fault tree analysis’ to look for 51 

the basic reasons for train derailments. They found that broken rails and lots of technical faults 52 

are the main hazards in derailment accidents. Cao et al. [12] suggested that government and 53 

related industries should pay particular attention to some specific factors when train derailments 54 

occur on bridges rather than on other lines. At present, a new modular composite track slab has 55 

been designed to change the conventional structures on railway bridge transoms [13]. Oehlers 56 

and Bradford [14-15] revealed that an ideal composite construction involves a combination of 57 

concrete with a high compressive strength and high tensile strength steel. Currently, most 58 

railway bridge transoms are made up of different kinds of timber. However, there are some 59 

shortcomings in timber railway sleepers/transoms, evidenced by their high replacement 60 

frequency and rapid deterioration from chemical attack [16]. Manalo et al. also tried to find an 61 



alternative material, such as fibre composites, to replace timber. However, the fibre composites 62 

material is still in trial stage. 63 

Based on a critical literature review, the derailment resistant capacity of railway track slabs has 64 

not been investigated. In particular, the composite track slabs installed over bridge girders are 65 

prone to failure under derailment impacts [7, 12, 17]. Thus, this paper aims to establish a 3D 66 

finite element modeling in ABAQUS, in order to improve a numerical simulation of a modular 67 

composite rail track slab. In this study, sensitivity analysis is also performed in order to evaluate 68 

structural capacity considering strain rate effect of composite track slabs under derailment 69 

impacts. This is a world first in highlighting the performance of composite rail track slabs under 70 

train derailments by considering the effect of strain rate. The insight from this study will improve 71 

the design standards and calculations relating to composite rail track slabs, for a better 72 

performance and capacity to prevent damage from dynamic load caused by train derailment.  73 

 74 

2. Design Methodology 75 

2.1. Design Loading 76 

2.1.1. Dead Load 77 

The thickness of a panel for a railway is restricted to 0.18m and the density of concrete is taken 78 

as 2,400 Kg/m
3
. In addition, the thickness of the steel sheeting profile bondek section is 79 

negligible compared to concrete part and acceleration of gravity (g) is taken as 9.81 m/s
2
 [16]. 80 

2.1.2. Live Load 81 

A series of general rules of design calculation, such as dynamic effects, centrifugal forces, 82 

nosing force and braking force, have been determined in Part 2: Traffic loads on bridges of BS 83 

EN 1991-2:2003 [19]. This report also introduces some load models to represent distinct train 84 



loadings. A model named ‘Load Model 71’ is adopted in this study, which displays a normal 85 

static effect of vertical rail traffic loads on mainline railways. Fig. 2. shows characteristic values 86 

for vertical loads for Load Model 71. These values shall be multiplied by a factor “”, which can 87 

be either higher or lower than normal traffic, depending on the actions. The characteristic vertical 88 

load multiplied by factor  can be called as “Classified vertical load”. In summary, the 89 

concentrated 26 force 𝑄𝑣𝑘 and the distributed load 𝑞𝑣𝑘 for Load Model 71 shall be taken as 250 90 

KN and 80 KN/m respectively [19]. 91 

 92 

Fig. 2. Load Model 71 and characteristic values for vertical loads [18] 93 

2.1.3. Derailment Actions 94 

Derailment accidents have always been accompanied by huge property damages and casualties. 95 

Consequently, derailment action calculations should be adopted in the design phase “as an 96 

Accidental Design Situation” [19] in order to minimize the damage to the structure. 97 

There are two specific design situations relating to derailment action on railway bridges that shall 98 

be taken into account. Fig. 3a. represents the design situation I, where derailed vehicles are still 99 

in the track area, due to the adjacent rail or the containment wall and are preventing the main part 100 

failure of the whole structure, is the top priority for designers [19]. Design load 𝑄𝐴𝑙𝑑 and 𝑞𝐴𝑙𝑑 101 

here should be taken as  x 0.7 x LM 71, where LM 71 is 250 kN [19]. Similarly, design 102 

Situation II shows another circumstance where derailed vehicles are not in the track area but are 103 



on the edge of a bridge, with wheels on one side [19], as shown in Fig. 3b. Designers should pay 104 

close attention to the trend of the whole structure overturning or collapsing within Design 105 

Situation II. Some local damage is allowed in this circumstance. The equivalent load 𝑞𝐴2𝑑 shall 106 

be taken as  x 1.4 x LM 71 for Design Situation II. For both cases, the characteristic vertical 107 

load shall be multiplied by the factor  of 1.1 in terms of derailment action for accidental design 108 

situations [20]. 109 

 110 

a) 111 



 112 

b) 113 

Fig. 3. a) Design Situation I - equivalent load 𝑄𝐴𝑙𝑑 and 𝑞𝐴𝑙𝑑                                                                                                      114 

b) Design Situation II - equivalent load 𝑞𝐴2𝑑 [19] 115 

2.2. Finite Element Modeling  116 

Nowadays, finite element analysis (FEA) is a common approach to simulate the behaviour and 117 

response of a structural body and to solve many reality problems in the area of engineering. It 118 

can reduce engineers’ workload significantly. ABAQUS has been used for this study. The 119 

proposed modular panel designs have been carried out and a half model of the whole structure 120 

has been introduced for the derailment analysis [12, 21]. In this study, finite element models for 121 

a composite rail track slab sitting on bridge girders (stringers) have been developed using 122 

ABAQUS and validated against experimental and field data [21-22]. Fig. 4 clearly displays all 123 

six parts of the rail track model: concrete, profiled steel sheet, bridge stringer, shear studs, 124 

reinforcing steel and wheel [23-27]. The dimensions for the track slab, comprised of concrete 125 

and steel parts, are 1,619 mm in length, 600 mm in width and 180 mm in height. Similarly, the 126 



dimensions for the bridge stringer are 1,000 mm in length, 260 mm in width for the top segment 127 

and 500 mm in height. There are six shear studs, which have a height of 100 mm, in the model 128 

that connect the top concrete, profiled steel sheet and bridge stringer as a whole. In addition, four 129 

steel reinforcements are used in the concrete to take the tension force and a wheel (modelled as a 130 

rigid body) is used in dynamic analysis only. Table 2 displays the boundary conditions of each 131 

component. 132 

 

a) 

 

b) 

 

c) 

 

d) 



 

e) 

 

f) 

Fig. 4. Main parts of finite element model: (a) Concrete (b) Bondek (c) Bridge Stringer 133 

(d) Shear Studs (e) Reinforcing Steel and (f) Wheel 134 

 135 

2.3. Contact and Boundary Condition 136 

In term of contact between each component, it is interesting to note that material stiffness is 137 

necessary when defining constraint, in order to designate a master surface and a slave surface.  138 

The interface types between each element are shown in Fig. 5. It should be noted that the stiffer 139 

material is defined as the master surface, whilst the less stiff component is defined as the slave 140 

surface. Embedded technique is used as a contact between concrete and reinforced steel, while 141 

the contact between the concrete and steel sheet is modelled as a surface to surface with finite 142 

sliding, hard contact in the normal direction and a coefficient of friction of 0.5 in the tangential 143 

direction [31].  As for the shear studs in the concrete, the interface was modelled as a tie 144 

constraint. Tie constraints are considered to be an interface of a shear stud welded to bondek II 145 

and bondek II welded to stringer (located below shear studs). Where there is contact between 146 

bondek II and stringer outside the shear stud area, surface to surface contact techniques are 147 

employed with finite sliding, hard contact in the normal direction and a frictionless surface was 148 

assumed in the tangential direction. 149 



The cut edges of the supporting stringers and the nodes of this surface have been assigned 150 

encastre boundary conditions (fully fixed in the three degrees of both translational and rotational 151 

freedom). 152 

 153 

 154 
Fig. 5. Contact and interactions between composite slab panel materials [22] 155 

 156 

Interface Interface type Master surface Slave surface 

Reinforcing steel in 

Concrete 

Embedded Reinforcing steel Concrete 

Concrete to Bondek II Surface to surface 

contact 

Bondek II Concrete 

Shear stud in concrete Tie constraint Shear stud Concrete 

Shear stud welded to 

Bondek II 

Tie constraint Bondek II Shear stud 

Bondek II welded to 

stringer 

Tie constraint Bondek II Stringer 

Bondek II on stringer Surface to surface 

contact 

Bondek II Stringer 

Table 2. Contacts and interface type between composite panel elements [22] 157 

 158 

2.4. Material Properties 159 



2.4.1. Static Analysis 160 

2.4.1.1. Concrete  161 

Concrete is an indispensable part of the composite rail track slab due to its high compressive 162 

strength. For static analysis, the elastic plastic method has been chosen for concrete, and 50 MPa 163 

was taken as the compressive strength (𝑓𝑐
′). Fig. 6a shows the typical stress strain curve for 164 

concrete; there are two main parts in the curve. In this study, 𝑓𝑡𝑒𝑛𝑠𝑖𝑜𝑛 is 5.94 MPa when the 165 

concrete compressive strength is 50 MPa and is when the concrete in the tension area will begin 166 

to crack if the stress at the tension zone exceeds the maximum cracking stress 𝑓𝑡𝑒𝑛𝑠𝑖𝑜𝑛.    167 

 

a) 

 

b) 

 



c) 

Fig. 6. a) Typical stress strain curve for concrete (Nguyen and Kim [28])   b) Typical bilinear 168 

stress strain curve for steel (Anandavalli et al. [29])  c) Classic tri-linear stress strain curve  169 

(Haghinejada and Nematzadeh [30]) 170 

2.4.1.2. Steel 171 

Most parts of the model are steel elements, such as the profiled steel sheet, bridge stringer, 172 

headed shear studs, reinforcing steel and wheel. An elastic plastic method was also selected here 173 

for all steel elements and for the concrete. Moreover, two different types of stress strain curve 174 

were used for the steel elements in static analysis. The specific material properties for different 175 

steel elements have been shown in Table 2 [31-33]. First, a typical bilinear stress strain curve is 176 

adopted for the profiled steel sheeting and shear studs. According to Fig. 6b there are only two 177 

stages for profiled steel sheeting and shear studs: elastic and yield stages. In addition, there is the 178 

yield stress and the yield strain. Second, a classic tri-linear stress strain curve is used here for the 179 

bridge stringer and reinforcing steel in the model. As shown in Fig. 6c there are three steps 180 

named elastic, yield and strain hardening for bridge stringers and reinforcing steel. The 181 

parameters of the steel materials can be found in Table 3. 182 

 183 

Element 
Yield Stress 𝒇𝒚 

(MPa) 
𝝈𝒖𝒔 (MPa) 𝜺𝒑𝒔 𝜺𝒖𝒔 

Stringer 300 1.28𝜎𝑦𝑠 10𝜀𝑦𝑠 30𝜀𝑦𝑠 

Reinforcing Steel 500 1.28𝜎𝑦𝑠 9𝜀𝑦𝑠 40𝜀𝑦𝑠 

Bondek 550 N/A 20𝜀𝑦𝑠 N/A 

Shear Studs 420 N/A 25𝜀𝑦𝑠 N/A 

Table 3. Steel element material properties for static analysis 184 

 185 

2.4.2. Dynamic Analysis 186 



Variations in the dimensions under time-dependent stress are a common phenomenon for most 187 

materials. There are two kinds of deformation characteristics that exist under stress. Elastic 188 

behaviour is a deformation that can be returned to its initial shape and plastic behaviour can 189 

leave permanent deformations when the stress is lifted. The strain-rate properties of materials 190 

also hinges on the load characteristics. A derailment load is an impact force caused by the train 191 

wheels suddenly hitting the composite rail track slab during the derailment accident. It is crucial 192 

for designers to consider the change in specific material strength with different strain rates 193 

associated with the impact loading. Strain-rate behaviours of concrete and steel will be 194 

introduced separately.   195 

2.4.2.1. Concrete 196 

Concrete is the first contact part of the slab when an unexpected derailment accident occurs, so 197 

the strain rate property of concrete is crucial. Using the research presented by Wakui and Okuda 198 

[34], the dynamic stress strain curves in different strain rates shall be computed. The dynamic 199 

compressive strength of concrete 𝑑𝑓′𝑐 can be determined in Equation (1). 200 

𝑑𝑓′𝑐 𝑠𝑓′𝑐 = 1.49 + 0.268(𝑙𝑜𝑔𝜀)̇ + 0.035⁄ (𝑙𝑜𝑔𝜀)̇2                                      (1) 201 

Where         𝑠𝑓′𝑐    is the static compressive strength of concrete                    202 

                   𝜀̇    is the strain rate  203 

For this study, the static compressive strength of concrete 𝑠𝑓′𝑐 is taken as 50 MPa (characteristic 204 

strength), which was introduced in section 2.3.1.1. The dynamic strength complies with the 205 

nature of materials undergoing transient loading [9]. In addition, two intermediate strain rates (5 206 

s
-1

 and 25 s
-1

) and three high strain rates (300 s
-1

, 500 s
-1

 and 850 s
-1

) have been adopted in this 207 

study. The higher the strain rate is, the greater the dynamic stress is at the same strain. According 208 



to Equation (1), the dynamic ultimate compressive strength of concrete can be calculated as 209 

128.8 MPa. 210 

2.4.2.2. Steel 211 

Recently, Forni et. al. [35] conducted a study on the strain rate performance of S355 steel, which 212 

is currently used in composite construction. Five distinct strain rates (5 s
-1

, 25 s
-1

, 300 s
-1

, 500 s
-1

 213 

and 850 s
-1

) were used for their experiments. It is found that the strain rates exactly coincide with 214 

the concrete property described in section 2.3.2.1. It is found that the dynamic ultimate strength 215 

of steel at the greatest strain rate in this project is 695 MPa.  216 

 217 

3. Result and Discussion 218 

The finite element analysis results from the composite rail track slab subject to the derailment 219 

loads are then discussed hereafter. Critical elements in key areas will be highlighted in order to 220 

portray the dynamic performance of the modular composite track slabs. 221 

3.1. Static Analysis 222 

3.1.1. Loading condition 223 

Two different design circumstances in European Code should be considered separately.  224 

For Design Situation I, two concentrated forces act on the top concrete of the composite slab. 225 

Moreover, these loads equal α x 0.7 x LM 71, where LM 71 is 250 kN and α is adopted as 1.1, so 226 

the two concentrated forces = 1.1 x 0.7 x 250 kN = 192.5 kN respectively.  227 

Pressure is then selected in ABAQUS as the loading type because it is a three dimensional 228 

model. Fig. 7a shows the exact contact area between a train wheel and top concrete. It is 229 

determined by the standard wheel dimension and a 30 degree segment of the train wheel [31-33]. 230 



The contact area is thus taken as 0.033 m
2
, therefore the pressure relating to the Design Situation 231 

I = 192.5 kN / 0.033 m
2
 = 5834 KPa = 5.834 MPa.  232 

Fig. 7b. shows the exact load location for Design Situation II, where the ultimate limit state 233 

method is used. As a result, the limit point load for Design Situation II has been determined as 234 

153.45 KN, after a series of attempts in ABAQUS. Therefore, the pressure concerning Design 235 

Situation II = 153.45 kN / 0.033 m
2
 = 4650 kPa = 4.65 MPa. Moreover, the modified RIKS 236 

method has been selected here in ABAQUS, which, means the pressure is applied in the model 237 

incrementally. 238 

 

a) 

 

b) 

Fig.7. Load application plan for   a) Design Situation I   b) Design Situation II  239 

3.1.2. Static Response 240 

3.1.2.1. Design Situation I 241 

The deformation shape for Design Situation I is demonstrated in Fig. 8. There are four individual 242 

parts that need to be checked in the model: concrete, bondek, headed shear studs and bridge 243 

stringer. Four critical locations considering the worst stress resultants in concrete have been 244 

determined and highlighted. 245 



 246 

Fig.8 Critical location for Design Situation I 247 

 248 

The critical tension zones are located in areas (1) and (3). The maximum stresses here are 20.7 249 

MPa and 21.7 MPa, for concrete in tension zones respectively, when the ultimate cracking stress  250 

𝑓𝑡𝑒𝑛𝑠𝑖𝑜𝑛 in this study is 5.94 MPa. Then, the performance of reinforcing steel bars associated with 251 

the areas (1) and (3) need to be observed, because they start to sustain the tensile force. The 252 

maximum stress of reinforcing steel in the areas (1) and (3) are 40.7MPa and 6.2 MPa 253 

respectively, which is clearly below the ultimate strength of tensile (500 MPa). Moreover, area 254 

(3) is at the bottom of the concrete and interacts with the profiled steel sheet below, which can be 255 

another element that can resist an external stress. Hence, this area is in a safe situation.  256 

In term of compression zones located in area (1) and (3), the maximum compressive stresses are 257 

48.6 MPa and 17.5 MPa, which is less than yield strength (50 MPa). Hence, these areas are in 258 

safe situation as well as bondek, shear stud and bridge stringer as shown in Table 4. 259 

Element Location 
Maximum stress 

(MPa) 

Yield Strength 

(MPa) 
Design Ratio 

Slab (Concrete) (1) Tension 21 6 0.29 

Slab (Steel) (1) Tension 41 500 12.29 

Slab (Concrete) (2) Compression 49 50 1.03 

Slab (Concrete) (3) Tension 22 6 0.27 

Slab (Steel) (3) Tension 6 500 80.65 



Slab (Concrete) (4) Compression 18 50 2.86 

Bondek Bondek 1 236 550 2.33 

Shear stud Shear stud 1 238 420 1.76 

Bridge stringer Bridge stringer 1 138 300 2.17 

Table 4. Maximum stress in critical zone for Design Situation I 260 

 261 

3.1.2.2. Design Situation II 262 

Fig. 9 shows the deformation shape under the derailment load concerning Design Situation II. 263 

There are four individual parts (concrete, bondek, shear studs and bridge stringer), which need to 264 

be evaluated as follows. 265 

 266 

Fig. 9. Critical location for Design Situation II 267 

For Design Situation II, the critical tension zone is located in area (1), as shown in Fig. 9. The 268 

maximum stress here is 20.7 MPa, which is more than the ultimate cracking stress 𝑓𝑡𝑒𝑛𝑠𝑖𝑜𝑛 (5.94 269 

MPa). Then, the performance of reinforcing steel bars associated with the area (1) needs to be 270 

observed because they start to sustain the tensile force. The maximum stress of reinforcing steel 271 

in the area (1) is 6.2 MPa, which is obviously below the ultimate strength of tensile force 272 

(500MPa). Hence, there is no damage in this area. The compression zone is located in area (2). 273 

The maximum compressive stress is 47.7 MPa, which is less than yield strength (50 MPa). 274 



Hence, these area are safe under Situation II, as well as bondek, shear studs and bridge stringer. 275 

Maximum stresses in the critical zone for Design Situation II are shown in Table 5. 276 

Element Location 
Maximum stress 

(MPa) 

Yield Strength 

(MPa) 
Design Ratio 

Slab (Concrete) (1) Tension 15 6 0.40 

Slab (Steel) (1) Tension 34 500 14.84 

Slab (Concrete) (2)  Compression 48 50 1.05 

Bondek Bondek 1 390 550 1.41 

Shear stud Shear stud 1 384 420 1.09 

Bridge stringer Bridge stringer 1 240 300 1.25 

Table 5. Maximum stress in the critical zone for Design Situation II 277 

Although, there is no damage in this situation, the maximum stress of most parts under Design 278 

Situation II, especially the steel elements, is greater than that under Design Situation I, so the 279 

Design Situation II is more dangerous when a derailment accident occurs. This is the reason why 280 

the total force applied at the wheel location for Design Situation II is much smaller. In addition, 281 

all parts of the model are in a safe situation and maximum design action is below the design 282 

capacity, hence the model satisfies the derailment load according to Design Situation II, which is 283 

one concentrated force of 153.45 KN applied on the end of the composite rail track slab. After 284 

comparing two different derailment situations in BS EN 1991-2:2003 [18], Design Situation II is 285 

the worst case, so Design Situation II has been chosen for dynamic analysis. 286 

3.2. Dynamic Analysis 287 

3.2.1. Loading Condition 288 

Impact loading is a high magnitude force or a shock pulse applied over a short period of time. In 289 

this study, the derailment loads are generated only when an unexpected train accident occurs and 290 

the first interaction between train wheels from derailed vehicles and the track slab surface is 291 

considered. In a real situation [5], a train wheel axle can break and the train can derail at slow to 292 

moderate speeds. In such cases, the wheel can nearly vertically drop directly to the track slab.  293 



Hence, impact loading should be simulated and strain-rate behaviours are more appropriate for 294 

this investigation. As such, a predefined field (or impact object) is created in ABAQUS to 295 

simulate impact loading. The region of the predefined field is the whole wheel in this study, and 296 

the velocity has been arranged at the direction of gravity (-V2 in ABAQUS). For initial studies, 297 

the drop velocity was selected as 5 km/h to a limit impact velocity to determine the ultimate 298 

capacity of the composite track slab. The detailed velocity direction and locations are shown in 299 

Fig. 10. After increasing the impact speeds, the limit impact velocity was determined at the 300 

magnitude of 45 km/h, due to the design capacity. This limit velocity is the vertical projection of 301 

the moving wheel (often, the other longitudinal projection is negligible through the rolling 302 

motion of the wheel). Note that the total mass of train has already been transferred to the wheel 303 

through the axle (by manually adding mass to the wheel model). 304 

 305 

Fig. 10. Three-dimensional model with a train wheel in dynamic analysis 306 

The relationship between the time duration and contact force of the corresponding critical node 307 

in the top concrete surface is shown in Fig. 10. The maximum contact force in concrete surface is 308 

20.3 kN at 0.0005 S, which is the first step time in ABAQUS, except the initial situation. Hence, 309 

the maximum force is formed in the first contact moment in a derailment accident. From the 310 



graph in Fig. 11, three representative peak points have been selected. The magnitude of force 311 

shows a downward trend and decreases significantly over time. In addition, the impact loading 312 

has disappeared at 0.012 S, which means that the train wheel is removed from the slab area. 313 

 314 

Fig.11. Contact force in top concrete surface 315 

3.2.2. Dynamic Response 316 

The dynamic responses of four individual parts (concrete, bondek, shear studs and bridge 317 

stringer) are investigated as follows. 318 

3.2.2.1. Concrete 319 

There are four critical elements for the concrete segment, as shown in Fig. 12a. Fig. 12b shows 320 

the exact location of the critical element selected for concrete in area (1). A graph showing the 321 

relationship between the average stress of the corresponding concrete element and time is 322 

presented in Fig. 12c. It can be observed that the impact loading plays an important role in the 323 

changing of stress here. Moreover, the maximum compressive stresses in areas (1) and (4) are 324 

115 MPa and 90 MPa respectively, which is less than the dynamic ultimate compressive strength 325 

of concrete (128.8 MPa). Therefore, these areas are within a safe situation. 326 



 

a) 

 

 

b) 

 

c) 

Fig. 12. a) Critical zones in top concrete   b) The exact location of critical element selected for 327 

concrete in area (1)    c) Dynamic stress response in area (1) 328 

In terms of tension area, the critical zones are located in areas (2) and (3), as shown in Fig. 11. 329 

The maximum stresses here are 20.5 MPa and 70 MPa respectively, when the ultimate cracking 330 

stress ftension in this study is 5.94 MPa, which is less than the maximum stress in both areas. Then, 331 

the performance of reinforcing steel bars associated with the areas (2) and (3) need to be 332 

observed, since they start to sustain tensile force. The maximum stresses of reinforcing steel in 333 

the areas (2) and (3) are 367.5 MPa and 359.5 MPa respectively, which is less than the ultimate 334 



strength of reinforcing steel (695 MPa). As a result, these areas have not exceeded the critical 335 

zone. Moreover, area (2) is located at the bottom of the concrete and interacts with the profiled 336 

steel sheet below it, which can be another element to resist an external stress. However, it is clear 337 

that there is no damage in these areas. 338 

3.2.2.2. Steel 339 

Stress distribution situations for the profiled steel sheet (Bondek), sheer studs and bridge stringer 340 

have been shown in Fig. 13. The maximum stresses of the profiled steel sheet (Bondek), shear 341 

studs and bridge stringer are below the ultimate tensile strength, as shown in Table 6. As a 342 

consequence, these areas have not exceeded the critical yielding stress. 343 

 

a) 

 

b) 

 

c) 

Fig. 13. Dynamic performance of track slab system a) Bondek b) Shear stud c) Bridge stringer 344 



 345 

Element Location 
Maximum stress 

(MPa) 

Yield Strength 

(MPa) 
Design Ratio 

Slab (Concrete) (1) Compression 115 129 1.12 

Slab (Concrete) (2) Tension 21 6 0.29 

Slab (Steel) (2) Tension 368 695 1.89 

Slab (Concrete) (3) Tension 70 6 0.08 

Slab (Steel) (3) Tension 360 695 1.93 

Slab (Concrete) (4) Compression 95 129 1.36 

Bondek Bondek 1 236 695 2.94 

Shear stud Shear stud 1 238 695 2.92 

Bridge stringer Bridge stringer 1 138 695 5.04 

Table 6. Maximum stress in critical zone for impact loading 346 

 347 

The limit impact velocity, which is 45 km/h (-12500 mm/s in ABAQUS), and materials’ strain 348 

rate properties have been adopted in the dynamic analysis. The largest contact force on the top 349 

concrete surface due to the impact velocity of the train wheel is 20.3 kN, which occurred at 350 

0.0005 S and all individual parts in the model did not yield, snap or crush under the impact of 351 

derailment loading. Moreover, the maximum bending moment is less than the design capacity. 352 

As a result, the whole structure has satisfied the impact speed at 45 km/h. 353 

3.3. Comparative Evaluation 354 

In this comparative evaluation, the elastic plastic properties without materials’ strain rate effects 355 

are used to predict the behaviour of composite track slab in a similar manner of the model used 356 

by Macri et al. [35]. The aim is to compare the stress strain behaviours with and without strain 357 

rate effects. In this comparative study, the drop velocity of 30 km/h was found to be the limit 358 

impact speed. Table 7 summarizes the maximum stresses of critical elements selected in each 359 

individual part with the corresponding material yield strengths under the limit impact speed. 360 

 361 

Element Location Maximum Yield Strength Design Ratio 



Stress (MPa) (MPa) 

Slab (Concrete) (1) Compression 47 50 1.06 

Slab (Concrete) (2) Tension 48 6 0.12 

Slab (Steel) (2) Tension 205 500 2.44 

Slab (Concrete) (3) Tension 45 6 0.13 

Slab (Steel) (3) Tension 338 500 1.48 

Slab (Concrete) (4) Compression 43 50 1.16 

Bondek Bondek 1 550 550 1.00 

Shear stud Shear stud 1 420 420 1.00 

Bridge stringer Bridge stringer 1 300 300 1.00 

Table 7. Maximum stress in critical zone for contrast experiment 362 

 363 

In contrast, the finite element analysis results of the whole track slab model subjected to impact 364 

loading, and the material strain-rate properties demonstrated earlier, show that that the speed of 365 

45 km/h is the limit impact velocity and the whole structure is still in a safe situation under the 366 

limit impact velocity. Note that this comparative study has used ABAQUS and the three 367 

dimensional models for comparison have been established in a manner based on the previous 368 

research presented by Macri et al. [35]. This implies that the strain rate properties of materials 369 

can significantly improve the track slab performance under derailment impacts, compared with 370 

those derived from the normal elastic plastic method. 371 

In addition, Fig. 14. demonstrates the derailment impact spectra related to unexpected derailment 372 

actions on the railway composite track slabs. To develop these spectra, a series of impact 373 

velocities have been selected as the impacting limit speed and then corresponding critical design 374 

ratios (lowest) have been evaluated. The relationship between the design ratio and impact 375 

velocity for the composite rail track slabs subjected to derailment accidents can be derived, as 376 

shown in Fig. 14. It is important to note that the area under the curve filled with red lines 377 

demonstrates the safe situation (where there is no yielding, no crush, nor snap of structural 378 

materials) for the whole structure under derailment loading conditions. 379 



 380 

Fig. 14. Design ratio to impact velocity relationship of a composite slab in a derailment accident 381 

 382 

4. Conclusion  383 

Railway transportation, including both freight and passenger transport, is an important catalyst 384 

for growing the social economy of a country, especially for developing countries. At present, 385 

derailment accidents are among the most frequent accidents for railway transportation all over 386 

the world. The consequences of derailments are not only the temporary interruption of railway 387 

lines but also the varying severity of personnel and property losses. Therefore, this paper focuses 388 

predominantly on the structural response and the performance evaluation of the composite rail 389 

track slabs associated with derailments through 3D finite element analysis (FEA).  390 

It should be noted that the performance of composite rail track slabs have not been investigated 391 

in recent studies. In this research, the model has been developed and validated using ABAQUS. 392 

Material strain-rate properties and impact loading have been applied to the numerical simulation 393 

simultaneously, in order to improve the impact behaviour of composite slabs subjected to 394 

derailment loading in an explicit dynamic analysis. The response and performance of composite 395 



track slabs, under two design situations, related to derailment actions has been evaluated. Based 396 

on the results obtained, it was noted that the speed of 45 km/h in the direction of gravity is the 397 

limit impact velocity for the designed composite rail track slabs considering strain rate effects. 398 

Moreover, a comparative study using ABAQUS has been taken in to account order to identify 399 

the performance difference between data derived from the elastic plastic material models and 400 

material strain-rate properties.  401 

Without the strain-rate effect consideration, the limit impact velocity is 30 km/h using elastic 402 

plastic material models. The comparative study also demonstrates that the numerical simulations 403 

without strain-rate effects are relatively more conservative than those with strain-rate effects. 404 

This paper is a world first in investigating the performance of composite railway track slabs 405 

subjected to derailment action. However, experiments also need to be carried out under impact 406 

loads in order to obtain an accurate strain-rate of materials. 407 
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