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In Sweden, a substantial amount of railway bridges is approaching their intended lifespans and are planned to be replaced. However, it is 
not sustainable neither from a financial nor an environmental perspective to replace these bridges if they are still sound and safe. Thus, an 
evaluation of their actual capacity is required with the aim of extending their lifespans. A way to obtain a more accurate capacity is to 
determine the loads that are acting on them. Available literature points out the lack of experimental investigations on sleeper-ballast contact 
pressure, as well as on the stress distribution along and across the ballast. Consequently, railway bridge design has been based on traditional 
rather than rational assumptions, which can be quite conservative. In this paper, a review of models is carried out for evaluating stress 
patterns on the surface of the slab on ballasted concrete bridges. Then, a simplified finite element model of a concrete trough bridge, a 
common type of structure in Sweden, is used in a parametric analysis aimed to understand how the identified pressure distribution patterns 
affect the performance of this type of structure. Finally, with the purpose of studying how some parameters influence the bridge safety, a 
probabilistic reliability analysis is used. The reliability index beta ( ) is obtained using the polynomial response surface method and its 
value is compared for different boundary condition scenarios. Also, the sensitivity factors for the considered random variables are 
compared and analyzed.  Results show that the assumption of support condition and pressure pattern has a significant impact on the 
capacity, failure mode and probability of failure of this type of structure. 
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1. Introduction 
A common construction type among the 

approximately 4,000 railway bridges in Sweden is the 
trough bridge which accounts for around 23% of the railway 
bridge population. The concrete trough bridge is 
constructed as a slab carried by two longitudinal main 
beams, as displayed in Fig. 1. Typically, the structure of a 
reinforced concrete (RC) trough bridge forms a “U-shaped” 
container that is filled by ballast. The ballast serves an 
important function for the structure by supporting the rails 
and the sleepers as well as distributing the traffic loads 
down to the surface of the bridge.  

A factor influencing the capacity of this type of 
structure is the way the loads are distributed through the 
ballast. In this paper, the effect of different load 
distributions was evaluated for the slab of the bridge. 

 
Fig. 1. Model of a typical RC trough bridge.  

In addition, different assumptions of support 
conditions between the main beams and the slab were 
considered to find what effect it has on the development of 
internal forces and failure mode of the structure. A 
reliability analysis was also performed with the aim to 
evaluate the influence of the support conditions and the load 
stress patterns on the slab safety margin. 

2. Factors Influencing Pressure Distribution in Ballast 
Results presented by Aursudkij (2007) showed that the way 
the sleeper was seated in the ballast, as well as the 
compaction of the ballast, were key factors influencing the 
pressure distribution. Another important factor influencing 
the pressure distribution is the use of under sleeper pads 
(USPs) and under ballast mats (UBMs). Navaratnarajah et 
al. (2018) tested the degradation of ballast with and without 
USPs under cyclic loading and found that the ballast with 
USPs had a smaller deformation due to a more uniform load 
distribution through the ballast. Results also showed that the 
pressure is naturally higher in the top layer of the ballast and 
the degradation is therefore the largest there. The test with 
the USPs resulted in less degradation of the ballast in every 
layer with the largest effect being observed in the top layer. 
This agrees with Indraratna et al. (2014) who performed a 
series of large-scale tests to understand the performance of 
UBMs and USPs. Their findings concluded that both the 
implementation of USPs and UBMs could lead to a 
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reduction in stresses between the sleeper and the ballast as 
well as the ballast and the sub-ballast. A reduction in the 
stresses leads to a decrease in the ballast deterioration that 
can subsequently minimize the need for maintenance.  

A more uniform load in the ballast using USPs could 
be the result of the increase in the contact area between the 
sleeper and ballast. Witt (2018) affirmed that the use of 
USPs could increase the contact surface to 30% of the area 
under the sleeper, as opposed to 3-4% which he suggested 
is the normal contact surface. Results provided by 
Andersson (2020) showed that a higher thickness of the 
ballast layer also provides a more uniform pressure 
distribution.  

Sol-Sanchez et al. (2015) concluded that a stiff USP 
reduced vibrations in the track with an increased efficiency 
on frequencies over 40-50 Hz. Softer pads, on the other 
hand, are more useful to increase the flexibility of the track 
and to distribute the loads in the longitudinal direction 
which results in the loads being spread across a larger 
number of sleepers.  

Another parameter affecting the pressure distribution 
in ballast is the ballast material. For instance, Esmaeili et al. 
(2017) performed field tests on steel slag and limestone 
ballast. The results showed that the compressive contact 
pressure between the sleeper and ballast was 1.39 times 
greater for limestone compared to steel slag ballast. Steel 
slag ballast was also found to have a 1.64 times greater rail 
support modulus (i.e., the force required to cause a unit 
deflection) compared to limestone ballast. Consequently, 
this will cause axle loads to be less distributed along the 
track to adjacent sleepers.  

The substructure of the track is also a factor influencing 
the pressure distribution in the ballast. The ballast on top of 
a bridge is stiffer than the ballast that is placed on soil 
because of the difference in substructure stiffness (Paixão et 
al., 2018). This results in stress concentrations in the 
beginning of the bridge, which subsequently leads to more 
degradation in the ballast layer at this point. The authors 
also tested the effect of adding USPs to reduce the ballast 
degradation in the transition zone between two 
substructures with different stiffnesses. The results showed 
that the implementation of USPs reduced the degradation of 
the ballast in the transition zone.  

Improper maintenance may also affect the pressure 
distribution since it can cause uneven stiffness in the ballast 
underneath the sleeper as well as an uneven pressure 
distribution between the sleeper and the ballast (Esveld, 
2001). Maintenance issues may include fouling which is 
described as the filling of ballast voids which can result in a 
stiffer track. Bassey et al. (2020) describe how sources of 
fouling may be either breakage of the ballast particles 
themselves or contaminants that have entered the ballast 
during shipping or its service life. This can for instance be 
the result of degradation in sleepers or other track 
components.  

Nurmikulo (2012) describes how fouling has been 
shown to influence the contact area between the sleeper and 
the ballast as the stresses become more center bound. This 
means that the sleeper lacks support closer to its ends, and 

for severe cases, it may also lack support beneath the rail 
seat. 

Finally, Sadeghi (2005) affirmed that the distribution 
pattern in the ballast was the same for dynamic as for static 
loads. However, the magnitude of the pressure was altered.  
Furthermore, Sadeghi (2005) and Zakeri and Sadeghi 
(2007) concluded that the same behavior was true for 
changes in speed, sleeper type and track stiffness. However, 
a study performed by Sayeed and Shahin (2016) found that 
the use of high-speed trains (approximately 180 m/s) 
resulted in a large difference in vertical displacement 
compared to low-speed trains. 

3. Ballast Pressure Distribution Models 
Pressure distribution patterns in ballast have been difficult 
to establish using field tests. In some guidelines, such as 
Eurocode 1, (CEN-1991), an applied load on a track is 
assumed to be distributed uniformly through the ballast 
layer by a certain distribution angle. However, some 
experimental and numerical studies have concluded that it 
might be unrealistic to assume perfectly uniform 
distribution through the ballast.  

Some numerical analysis through finite element 
modelling has been developed to investigate the distribution 
of pressure in the ballast. A FE-study performed by 
Andersson (2020) on a typical RC trough bridge with 0.6 m 
ballast thickness showed that the pressure distribution in the 
transverse direction had a double parabolic shape. This 
agrees with several other studies that have concluded that 
the distribution pattern might be expressed as a w-shape or 
a double parabolic shape. For instance, Zakeri and Sadeghi 
(2007) as well as Aursudkij (2007) confirmed a non-
uniform contact pressure between the ballast and the sleeper 
and suggested a parabolic shape for the pressure 
distribution.  However, Andersson (2020) also showed that 
the transverse pressure distribution became significantly 
more uniform when using 1.0 m thickness, compared to the 
distribution obtained for a 0.6 m thickness. 

The American Railway Engineering and 
Maintenance-of-Way Association (2010) establishes an 
efficient sleeper/ballast contact surface with a length of one 
third of the total sleeper length beneath the applied load. 
Other guidelines have similar design methods. For example, 
the Australian Standard AS1085.14 defines a similar 
contact area with an efficient length calculated according to 
Eq. (1) (Standards Australia, 2003):  

 =                                 (1) 

In Eq. (1),  is the efficient length of the contact surface 
between the sleeper and ballast under one rail. Further,  

 denotes the total length of the sleeper used on the 
track and  denotes the distance between the rails.  

An additional important aspect of railway bridge 
design is the load distribution of an axle load between 
several sleepers. For instance, Eurocode 1, (CEN-1991) SS-
EN 1991-2 suggests that 50% of an axle load would be 
transferred to the sleeper directly beneath it, while the 
remaining 50% would be divided equally between the two 



Proceedings of the 31st European Safety and Reliability Conference 1095

adjacent sleepers. Alternatively, Profillidis (2006) suggests 
that the load would be distributed across 5 sleepers instead. 
The sleeper directly under the axle load is suggested to carry 
40% of the load, the two adjacent sleepers carry 23% each 
and the next two sleepers carry 7% each.  

4. Climate Change Impact on Ballasted Railway 
Structures 
Global warming and climate change are commonly 
associated with high temperatures that cause the melting of 
polar ice caps and subsequent rises in sea level. However, it 
is more seldom associated as a root cause for extreme cold 
weather. As temperatures rise in northern North America 
and northern Eurasia, more heat can be transported into the 
Arctic stratosphere. This causes a phenomenon called 
sudden stratospheric warming to happen more frequently 
which displaces cold air into the mid-latitudes. This 
phenomenon can negatively affect the behavior of ballasted 
structures. Liu et al. (2020a) performed a full-scale test of a 
ballasted railway track inside a test chamber in which the 
temperature and humidity was altered to find how changes 
in these parameters affect the ballast bed resistance. The 
authors concluded that the ballast bed resistance was lower 
in a dry, cold environment as compared to normal 
conditions. Further, a conclusion was made that freezing 
conditions could increase the ballast bed resistance for small 
displacements for the sleeper. However, the bond between 
the particles as well as the bond between the particles and 
the sleeper that was formed by the ice was damaged when 
displacements were larger. This caused the ballast bed 
resistance to decrease. Further, Liu et al. (2020b) performed 
uniaxial compression tests of ballast-ice specimens and 
measured their compressive strengths at different 
temperatures using a temperature-programmable chamber. 
Their findings showed that lower temperatures could 
increase the compressive strength of the ballast. However, 
they also noted that a decreasing temperature made the 
toughness of the material decrease and become more brittle.  

Heaving of the track may also occur in cold regions. 
Generally, this is attributed to frost heave of sub-grade 
material such as wet clay. However, Akagawa et al. (2017) 
performed field- as well as laboratory observations which 
concluded that aged ballast material can contain substantial 
amount of fine, frost heave susceptible material which can 
cause frost heave in the ballast layer under wet conditions.  

It is clear that climate changes can affect drastically 
the durability and performance of ballasted bridges. Further 
research is required on the effect that this might have on the 
distribution of the load on the structure. 

5. FE-Analysis 
In this paper, the non-linear finite element software ATENA 
Science has been used to analyze a one-way RC slab under 
static loading. Different boundary conditions and load 
distribution patterns were evaluated to further understand 
how they affect the internal forces developed in the 
underlying structure. Its geometry is modelled according to 
the old standard drawings for trough bridges defined by the 
earlier Swedish Railroad Authorities. One half of a bridge 

is presented in Fig. 2. and the modeled part is defined with 
red outlines. The reinforcement is presented in Fig. 3. 

 
Fig. 2. Typical RC trough bridge. 

 

 
Fig. 3. Transverse reinforcement of the bridge used for the model. 

5.1. Model definition 
The modelled slab has a transverse span length of 1.55 m 
and symmetry was utilized to simulate the full span length 
of 3.10 m. Further, the geometry was simplified by 
disregarding the slopes in the longitudinal direction and 
instead setting the thickness of the slab to be constant and 
equal to 0.32 m. The simplified model is not connected to 
the bridge in the longitudinal direction. The loads are 
therefore assumed to be carried in the transverse direction 
of the bridge which is the reason why reinforcement is only 
added in this direction for the simplified model. This is in 
accordance with the design of a longer bridge where the 
middle of the slab can be assumed to be one-way supported. 

5.1.1. Support conditions and loads 
An important aspect of trough bridge design is determining 
the degree of restraint between the main beams and the slab. 
To evaluate the influence of different assumptions for the 
boundary conditions in the beam to slab connection, the 
model has been analyzed using simply supported and fixed 
conditions. To simulate simply supported conditions, a plate 
was modelled on which a line support was added according 
to Fig. 4. The line support is constrained in the y- and z-
direction but free to translate in the x-direction which allows 
the structure to rotate around the line support. The plate is 
modelled using an elastic material with a modulus of 
elasticity of 200 GPa. To apply fixed conditions, a surface 
support was added as shown in Fig. 4. The surface was 
constrained in all direction to prohibit rotation. As 
previously stated, the model utilized symmetry. This was 
done by constraining the model surface in the x-direction at 
the location of the symmetry plane (see Fig. 4).   

 

Fig. 4. Location of applied support conditions. 
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5.1.2. Concrete 
The material model for concrete combines constitutive 
models for both tensile- and compressive behavior. The 
tensile model uses orthotropic, smeared crack formulations 
and employs Rankine failure criterion. The compressive 
model uses the Menétrey–William failure surface. The 
material properties of the concrete were generated 
according to Eurocode 2, (CEN-1992). For all analyses, the 
properties were generated according to concrete quality 
C40/50 since it was commonly used to construct RC trough 
bridges during the 20th century in Sweden. Values for the 
modulus of elasticity, characteristic compressive- and 
tensile strength were equal to 35 GPa, 40 MPa, and 2.5 MPa, 
respectively. Characteristic values were used to simulate a 
general case where the actual material properties of the 
concrete slab might be unknown. 

5.1.3. Reinforcement 
The material used for the reinforcement is based on the 
recommendations provided by Eurocode 2 (CEN-1992). A 
characteristic yield limit of 500 MPa was chosen. The 
reinforcement model allows for a multi-linear 
reinforcement function to be used. The function is divided 
into 4 sections that captures all stages of steel behavior: 
elastic state, yield plateau, hardening, and fracture. The test 
preformed in this paper only used the first two stages. 
Values of the steel modulus of elasticity (Es), yielding stress 
(f1), stress at the end of the yielding plateau (f2), yielding 
strain ( 1), and strain at the end of the yielding plateau ( 2) 
are equal to 200 GPa, 500 MPa, 525 MPa, 0.25%, and 2.5%, 
respectively. 

5.1.4. Pressure distribution patterns 
For each case of boundary condition, three theoretical 
pressure distributions have been assigned to the surface of 
the slab to evaluate their influence on the behavior of the 
structure. In this study, the pressure will be considered 
uniformly distributed (UD) over the entire surface, uniform 
over an efficient length according to Standards Australia 
(2003) (LUD) or distributed as a double parabolic shape 
(DP). Further, this study only includes the load distribution 
in the transverse direction of a railway bridge, and therefore 
the distribution is kept constant in its longitudinal direction. 

The double parabolic shape has been approximated by 
a discretization of the double parabolic curve obtained by 
Andersson (2020). This allows for the maximum pressures 
for the load case to be calculated more easily.   

The efficient length used for LUD case, according to 
Australian standards was calculated using Eq. (1). The 
distance between the rails was set to 1.54 m (Thun et al., 
2000). The total sleeper length was set to 2.25 m which 
gives an efficient length of 0.71 m for the load case. A 
summary of the load cases is presented in Table 1 and the 
load patterns are displayed in Fig. 5.  in Fig. 5 denotes 
where the maximum pressures were obtained during the 
analyses for all the defines load cases.  
 

 
Fig. 5. Analyzed stress distribution patterns (units in mm). 

 
Table 1. Evaluated stress pressure distribution patterns. 

Case  Pattern type  Support type 
UD-S UD  Simply supported 
UD-F UD Fixed 
DP-S Double parabola Simply supported 
DP-F Double parabola Fixed 
LUD-S Local UDL  Simply supported 
LUD-F Local UDL Fixed 

5.1.5. Mesh 
For load cases UD-S and UD-F, hexahedral elements were 
used to obtain less time-demanding analyses. The 
sensitivity of the results to the mesh size was studied first. 
Ultimately, 10 elements along the thickness of the beam 
were used for these load cases as further refinement resulted 
in a decreasing influence on the capacity of the structure. 
For instance, for load case UD-F an increase to 12 elements 
per height yielded an approximate increase in ultimate load 
of 6.4% but the analysis became significantly more 
memory-intensive. Tetrahedral elements with a size of 0.04 
m were used for cases DP-S and DP-F while for cases LUD-
S and LUD-F, the selected mesh size was equal to 0.06 m.   

5.1.6. Load steps and measures  
Small load steps were used to gradually increment the 

distributed load until the structure’s failure. This allowed 
the determination of the failure modes for the different load 
cases. The Arc-length numerical method was used, which is 
recommended when having a load-control analysis in 
ATENA. 

For the cases in which fixed supports were used, the 
vertical reaction forces were measured at the fixed surface, 
and for the simply supported cases they were measured at 
the line support. In all cases the displacement was obtained 
at the mid-span.  

5.2. Results of FE-analysis  
The load-displacement curves for each case are displayed in 
Fig. 6. 
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Fig. 6. Obtained Load – Displacement curves for all load cases. 

The analysis results showed that different support 
conditions had a significant impact on the behavior of the 
slab, both in terms of maximum pressure, witnessed failure 
mode and mid-span displacement. The pressures were 
calculated by dividing the applied force by the surface area 
on which it is applied. For the double parabolic load cases 
the pressure was only calculated for the discretized element 
which experienced the maximum pressure. Table 2 
summarizes the different ultimate pressures as well as the 
failure modes that were obtained from the analyses.  

Table 2. Ultimate pressures obtained and failure 
modes for all load cases. 

Case Max. load 
(kN) 

Max. 
pressure 
(kN/m2) 

Failure mode 

UD-S 523 337 Bending mid-span 
UD-F 829 535 Shear 
DP-S 503 404 Bending mid-span 
DP-F 1661 1334 Bending at support 
LUD-S 526 742 Bending mid-span 
LUD-F 1023 1441 Shear 

5.2.1. Simply supported conditions 
All simply supported load cases displayed propagation of 
large, vertical cracks in the mid-span, suggesting that the 
failure mode was bending. Fig. 7 displays the principle 
strain and the cracking behavior obtained for load case UD-
S.  

 

Fig. 7. Principal strain and cracking behavior at the failure for load 
case UD-S. 

The maximum deviation regarding maximum pressure for 
the simply supported load cases was found between load 
cases LUD-S and UD-S which was calculated to be 120%.  
However, the maximum load deviation found during the 
analyses was small with a maximum value of 4.7% for all 
simply supported load cases and this was measured between 
load cases DP-S and LUD-S. For load cases UD-S and 
LUD-S the difference was less than 1.0%. This suggests that 
the total applied load is what determines failure, rather than 
what load distribution pattern is assumed. 

5.2.2. Fixed support conditions 
Large shear cracks propagated for load cases UD-F and 
LUD-F. This suggests that the structure failed in shear for 
these combinations of support conditions and load 
distributions. Fig. 8 displays the crack pattern and the 
principle strains obtained during the analysis of load case 
LUD-F.  

Ultimate loads for the load cases that had fixed support 
conditions varied significantly. This implies that the 
different load distributions have a large impact on the slabs’ 
capacity if the support is fixed. The load capacity of the slab 
increased by 100% when using the load case DP-F 
compared to load case UD-F.  Similarly, load case LUD-F 
had an increase in load capacity of 23.4% compared to load 
case UD-F. This suggests that it is possible that the 
assumption of uniform distribution might underestimate the 
capacity of this type of structure when the track conditions 
do not allow for a uniform load distribution to develop.  

The maximum pressure deviation for the fixed load 
cases was found between LUD-F and UD-F and was 
measured to be 169%.  The LUD-F load case had an 
ultimate load that is lower than DP-F but higher maximum 
pressure. This might imply that the pressure has a larger 
impact on the capacity of the structure compared to what 
was found for the simply supported load cases.  

However, shear failure was not found to occur for load 
case DP-F which showed little signs of shear crack 
propagation. Instead, large vertical cracks were observed 
near the supported surface as shown in Fig. 9. This suggests 
that the failure mode was due to bending near the fixed 
support which implies that using different load distributions 
have an impact on the failure mode of this type of structure. 

 
 

 

Fig. 8. Principal strain and cracking behavior at the failure for load 
case LUD-F. 
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Fig. 9. Principal strain and cracking behavior at the failure for load 
case DP-F. 

5.2.3. Comparison of shear forces and moments 
Fig. 10. displays the shear force diagrams obtained at the 
point of failure for the analyzed cases. An important note is 
that the support conditions for the simply supported cases 
are applied 0.1 m into the slab, which is why the values 
between 0 – 0.1 m are not displayed.  

It is noted that load cases UD-S and DP-S follow a 
very similar pattern through the length of the slab until close 
to the mid-span where UD-S gives a larger shear force. Load 
case LUD-S displays a different pattern with larger 
deviations from the other simply supported cases. The load 
case experiences a steeper curve from approximately 0.4 m 
until 1.1 m into the slab resulting in higher shear forces. 
However, the curve flattened closer to the support and its 
values became more similar compared to other load cases. 

For the load cases with fixed conditions, it is noted that 
load cases DP-F and LUD-F had relatively similar shear 
forces at the ends of the slab, with otherwise quite large 
deviations.  The largest shear force was found close to the 
support which was obtained during the analysis of load case 
DP-F.  

The moments for the fixed and simply supported 
conditions are displayed in Fig. 11 and for the simply 
supported cases, the moment distribution curves were in 
good agreement. The largest deviation was found in load 
case LUD-S, which was found to have a steeper moment 
distribution curve. Similarly to the behavior of the shear 
force curve, this caused the moment to be larger for this load 
case from approximately 0.4 m – 1.1 m compared to load 
cases UD-S and DP-S. In addition, the curve became flatter 
and the lowest mid-span moment was obtained from load 
case LUD-S.  

For the fixed load cases larger deviation were noted. 
LUD-F displayed a higher support moment as well as a 
higher moment at the mid-span compared to UD-F. The 
same behavior was noted for DP-F which displayed the 
largest moments in both the support as well as the mid-span.  
 

Fig. 10. Shear forces at the maximum load for all load cases. 

 
Fig. 11. Moments at the maximum load for all load cases.  

5.3. Comparison to elastic calculations 
To verify how non-linear FEM-analysis compares to linear 
analysis, all load cases were also linearly analyzed. The 
results of the non-linear (NL) and linear (L) analyses are 
compared for each load case using the maximum pressure 
obtained from the non-linear analysis to evaluate the 
influence of the different analysis methods.  

For simply supported cases, the difference between 
maximum moments in the mid-span was between 18 - 23% 
higher for the linear results when compared to the non-linear 
analysis, with the largest difference being obtained from 
load case LUD-S, Fig. 12. The shear forces ranged from 
approximately 3.3% below the non-linear analysis up to 
4.6% above it.  

For the cases with fixed support conditions, the 
difference in maximum moment at the support was between 
24 - 75% higher for the non-linear analyses compared to the 
linear calculations. The largest deviations were found at the 
support for load case UD-F (see Fig. 13). However, the mid-
span moment for the non-linear analysis was in good 
agreement with the linear one, with a deviation of 2.6%. For 
load cases LUD-F and DP-F the deviations in linear mid-
span moment was approximately 22% for both cases 
compared to the non-linear results. It is concluded that for 
these 2 load cases, the moment is distributed differently 
between the linear and the non-linear analysis such that the 
support moment for the non-linear analysis is smaller 
compared to the linear analysis and larger for the mid-span 
moment.  

The deviation for the maximum shear forces obtained 
from linear calculations ranged from 15% - 38% lower 
compared to the non-linear results. In general, the curves for 
linear- and non-linear calculations were in good agreement, 
but for all cases the results diverged near the support. The 
largest deviations were obtained from load case UD-F 
where a spike caused the 38% deviation.   

 

 
Fig. 12. Linear and non-linear moments and shear forces for LUD-
S (left) and LUD-F (right) at their respective ultimate pressures.  
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Fig. 13. Linear and non-linear moments and shear forces for UD-
S (left) and UD-F (right) at their respective ultimate pressures.  

5.4. Comparison to BBK 94 
Hand calculations according to old Swedish codes (BBK 
94) with the same load case as for the FEM-calculations 
with a uniformly distributed load show that the  simply 
supported slab should be able to carry a load of 192 kN/m2 
before the reinforcement starts yielding in mid-span. The 
calculation for the fixed support is limited by the moment 
in the support with a maximum load of 167 kN/m2. The 
shear capacity is not affected by the support condition with 
a maximum of 142 kN/m2, (i.e., maximum capacity of the 
structure). This differs from the FEM-analyses in which 
bending failure was attained.  

This can be explained by the large safety factors that 
are used for concrete, which decreases the shear strength 
significantly. If the same calculations are done for a simply 
supported load case without the safety factors, both for the 
concrete and the reinforcement, a total load capacity of 255 
kN/m2 is obtained in shear and 253 kN/m2 in moment. This 
shows that if no safety factors are used bending failure in 
the mid- span is more likely to happen than failure in shear.  

The maximum pressures for the load cases LUD and 
DP shows the same pattern where they are limited by the 
shear force capacity which is 309 kN/m2 for LUD and 176 
kN/m2 for DP. When comparing the simple support 
conditions, the limiting pressure for the mid-span moment 
is 419 kN/m2 for load case LUD-S and 227 kN/m2 for load 
case DP-S. For the fixed support the moment capacity is 
limited at the support and the yielding point is reached when 
the pressure for load case LUD-F is 331 kN/m2 and for load 
case DP-F is 196 kN/m2. 

6. Reliability Analysis 
A reliability analysis was performed to see how the safety 
margin of the structure changes with the different boundary 
conditions and the load pattern distributions. From the 
deterministic analysis, the worse-case scenarios for shear 
and flexure were UD-F and DP-S, respectively (see Table 
2). Therefore, in this study the reliability index  and the 
probability of failure Pf of both cases were calculated.  

The variables considered as random, distribution type, 
mean and variation coefficient are listed in Table 3. These 
values were obtained based on the recommendations of 
JCCS (2012) and CEB-FIP (2012). The reliability index 
and probability of failure Pf obtained using the Response 
Surface Method (RSM) are shown in Table 4 together with 
the number of iterations. In the RSM, a quadratic 

polynomial was used to replace the original limit-state 
function G (see Eq. (2)). To calculate the design point and 
, the Second Order Method (SORM) was applied. Through 

 The 
RSM algorithm adopted is a combination of the 
methodologies proposed by Devictor et al. (1997), Nguyen 
et al. (2009) and Allaix and Carbone (2011). 

 =                                 (2) 

In Eq. 2, Pmax is the maximum load obtained by FEM 
and Pve is the load based on the demand vehicle load 
specified by Trafikverket (2019) corresponding to the 
vehicle TLM3. It consists of 4 axles with the distances 1.75 
m - 4.9 m -1.75m. The axle load is 350 kN. The convergence 
criteria for RSM is described in Eq. (3):    0.001                           (3) 

where, =     and =                (4) 

Table 3. Random variables, probabilistic 
parameters, and design points  for UD-F and DP-
S load cases at convergence. 

Random 
Variable 

Distribution 
type 

Mean 
value 

Variation 
coef. UD-F DP-S 

f’C 
(MPa) Log-normal 48.0 0.18 26.8 43.0 

ft (MPa) Weibull 3.5 0.18 1.1 3.1 
EC (GPa) Log-normal 36.3 0.15 22.1 32.8 
Gf (N/m) Weibull 146.5 0.20 51.2 128.6 
ES (GPa) Log-normal 200 0.03 205.1 197.7 

AS 
(mm2) Normal 201.1 0.10 201.1 201.1 

Pve 
(kN/m2) Gumbel 168.1 0.25 220.1 673.3 

Table 4. Reliability analysis results. 

 Reliability 
Index  

Probability of 
Failure Pf 

Number of 
iterations 

UD-F 3.98 3.45e-05 6 
DP-S 5.24 8.03e-08 3 

The reliability is acceptable if compared with the 
recommended in some guidelines such as JCSS (2012) and 
CEB-FIP (2012) which suggest for ultimate limit state a value 
of 3.7 and 3.8, respectively. Using the results from the 
reliability analysis, the sensitivity factors  obtained 
showed that for case UD-F, concrete properties had higher 

Pve On the other 
hand, for case DP-S, Pve presented a sensitivity factor higher 

  

7. Conclusions 
In this paper, the influence of stress pressure patterns on the 
internal forces of slabs of RC trough bridges were analyzed 
by means of simplified non-linear FEM. Results showed 
that the assumption of support condition and load 
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distribution has a significant impact on the capacity and 
failure mode of this type of structure. Models in which a 
simply supported condition was used showed a bending 
failure at similar values of ultimate load, irrespectively of 
the load stress pattern. For fixed conditions, a higher 
variation in the ultimate load depending on the type of 
pressure pattern was observed. In addition, depending on 
the type of pressure pattern, the failure mode could vary 
from flexure at the support to shear. Values of ultimate load 
were significantly higher for the case of fixed conditions 
than for simply supported restrains for all the stress pressure 
patterns analyzed. 

It was also observed that the capacity of the slab 
obtained from the FEM was significantly higher than the 
one calculated by means of the structural code used for the 
design of trough bridges during the 20th century.  

It can also be concluded that depending on the 
boundary conditions and load pattern distribution, the 
reliability index  and, the probability of failure Pf can 
change drastically for the example studied. Also, it can be 
affirmed that for the cases in which a flexure failure was 
obtained, the loading showed a higher influence in the 
safety margin, whilst for the shear failure scenario the 
materials presented a higher importance, based on the 
sensitivity factors calculated.  

Results presented in this paper imply that the actual 
capacity of the structure might be higher than expected and 
depends on the stress pattern applied. Therefore, further 
research is required to determine more accurate stress 
pressure patterns and evaluate the actual restrained 
condition in the beam-slab connection.  
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