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Summary 
The Swedish government has decided about a new Swedish high-speed line for trains 
between Stockholm - Malmö and Stockholm - Gothenburg. Today there is no 
standard of how the high-speed lines should be built. The Swedish Transport 
administration has been given the task to develop the demands for the line. Other 
high-speed lines, in other parts of the world, often consist of an elongated concrete 
slab supporting the rails and transferring the loads down to the soil. The Swedish 
Transport administration has decided that the new concrete slab should be 
dimensioned according to the German Beton Kalender 2000. 

The purpose of this thesis is to explore and analyse the concrete slabs for high-speed 
railway lines, which are dimensioned according to Beton Kalender 2000. This is 
made with respect to moment capacity, deformation and crack widths, which varies 
depending on the stiffness of the substructure. This thesis analyses induced changes 
in the mechanical behaviour of a slab when the substructure stiffness changes. It does 
also illustrate how the slab is affected by local settlement. 

The calculations are performed with a method developed by Westergaard and are 
calculated by hand. The Westergaard method can be divided in two parts where you 
either calculate the slab as a 1-dimensional beam or as a 2-dimensional slab structure. 
A comparison between these two methods is an important part of the thesis and by 
using these calculations and the results, analyses can be made and conclusions can be 
drawn. 

The results show that both the beam and the slab theory could be used when a 
substructure stiffness from 120 MPa down to 50 MPa is used, regarding deformation 
and crack width. If the slab is calculated as a 1-dimensional beam it will crack 
immediately. But the maximum crack width is not reached until a substructure 
stiffness of 50 MPa. The 2-dimensional slab will crack at 20-30 MPa but the crack 
width will be to big almost immediately. 

The conclusion of this thesis is that, a slab dimensioned according Beton Kalender 
2000 would in fact be over dimensioned, if the Swedish Transport Administration 
demands are achieved. But if local settlement would occur, a slab dimensioned using 
Beton Kalender would collapse. 
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Sammanfattning 
Sveriges regering har beslutat om en ny svensk höghastighetsbana för tåg mellan 
Stockholm - Malmö och Stockholm - Göteborg. Idag finns ej någon svensk standard 
över hur höghastighetsbanor bör byggas. Trafikverket har fått i uppgift att ta fram de 
nya kraven för dimensioneringen av banan. Tidigare gjorda höghastighetsbanor i 
andra delar av världen består oftast av en långsträckt betongplatta med räler som för 
ned lasten till undergrunden. Trafikverket har bestämt att den nya betongplattan ska 
dimensionera enligt den tyska Beton Kalender 2000. 

Syftet med detta examensarbete är att utforska och kontrollera betongplattorna, som 
är dimensionerade enligt Beton Kalender 2000. Detta görs med avseende på 
momentkapacitet, deformation och sprickvidder, vilket varierar beroende på 
styvheten av underlaget. I rapporten undersöks det hur plattans egenskaper förändras 
beroende på underlagets styvhet. Även lokala sättningar illustreras.  

Beräkningarna utförs med en metod utvecklad av Westergaard och görs för hand. 
Westergaardmetoden kan delas upp i två delar där man beräknar plattan antingen 
som en balk eller som just en platta. En jämförelse mellan dessa två metoder är en 
viktig del av rapporten och med hjälp av dessa uträkningar och resultat kan analyser 
göras och slutsatser dras.  

Resultaten i rapporten pekar på att både, balk- och platteorin kan användas för mark 
med en styvhet från 120 MPa ned till 50 MPa, med avseende på deformation och 
sprickvidd. Om man använder sig av balkteorin så spricker plattan direkt. Men den 
maximala tillåtna sprickvidden överskrids inte förrän marken har en styvhet på 
50 MPa. I den två-dimensionella plattan kommer sprickor uppkomma vid en 
markstyvhet på 20-30 MPa, och nästan direkt överskrida den maximala sprickvidden. 

Slutsatsen från detta examensarbete är att en platta som designas enligt Beton 
Kalender 2000 faktiskt skulle vara överdimensionerad, om Trafikverkets krav 
används. Men om lokala sättningar skulle uppstå, kommer plattan kollapsa. 
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Abstract 
The Swedish Transport Administration has been giving the task to set up a new 
standard for concrete slabs for the new high-speed railway in Sweden. They are 
demanding that the concrete slabs must be dimensioned according to the German 
Beton Kalender 2000. This report will explore the results when dimensioning a slab 
track, according to the German Beton Kalender 2000. Moment capacity, 
deformation, and crack width are calculated according to two structural theories, 
namely slab and beam theory, and a comparison between the two methods is 
presented. 

 

Key words: Concrete slab track design, High-speed railway lines, Beton Kalender 
2000, Westergaard. 
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1. Introduction 
In 1974 several European countries decided to act on the environmental 
threats caused by mobility use (European Commission 2010). High-speed 
lines did not only revolutionize the mobility use in an environmental 
perspective but it did also connect several European cities with each other. 

High-speed Railway lines (Further referred as HSL) have led to a 
considerable increase in the amount of journeys between the big cities in 
Europe (European Commission 2010). HSL has created a comfortable way 
to travel while also making a lower impact on the environment compared to 
other travel alternatives. Since 1997, over 6 million passengers per year have 
been using the HSL between London and Brussels with the result of fewer 
flights between the cities. In 1989, the traveling time between London and 
Paris was 5 hours and 12 minutes, by the development of HSL the journey 
now is cut down to 2 hours and 15 minutes. With the HSL European citizens 
have the ability to travel fast, safe, ecological and comfortable, making it an 
ecologically and economically attractive competitor. In 2010, HSL was 
responsible for approximately 40 % of all travels within a medium distance 
in Europe. 

The Swedish Transport Administration (STA) sees an overflow in traffic 
between Norrköping-Linköping and Västra stambanan-Järna (Trafikverket, 
2015). These routes are also referred to as Ostlänken. The Swedish 
government has given the STA orders to develop a national plan regarding 
the mobility use for the period 2014–2025 starting with Ostlänken 
(Trafikverket, 2013). 

A new standard for HST needs to be settled before the construction of the 
first Swedish HST starts. The STA requires that the new HSL must be built 
on a continuous concrete slab. It must also be dimensioned using the 
German Beton Kalender 2000. However, the STA does not motivate why 
the slab must be dimensioned using Beton Kalender 2000, which is a new 
calculation and design method currently not common in Sweden. 

1.1 Background and problem description 

While other European countries have HSL with the ability to go over 
250 km/h (Trafikverket, 2010), Swedish HSL cannot go faster than 
250 km/h. Todays Swedish HSL consist of ballasted tracks, a type of track 
where the sleepers and the foundation is surrounded by ballast of lager 
stones. 

The system ballastless track has been tested and used in Germany over the 
last three decades (Bezin et al., 2010). A reinforced concrete slab is used 
instead of the ballast layer. The ballastless system has a huge advantage in 
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maintenance and even though it has a higher installation cost than the 
ballasted track, it is still more economically efficient over the tracks lifetime. 
Another benefit of ballastless systems is that, with the high-speed, ballast 
particles cannot be churning up to damage the lines or trains (Esveld, 2001). 

A new standard was made by the STA in 2014 involving certain demands 
for HSL with a speed capacity between 250-320 km/h (Trafikverket, 2014). 
As of right now Sweden lacks the knowledge of designing such a slab 
(Berhane & Hagman 2015). STA has decided to look at other European 
countries HSL as a reference when choosing systems for the Swedish 
railway. The new standard specifies that the railway must be constructed as 
a ballastless track system and dimensioned using the Beton Kalender 2000. 

Abetong is one of the companies aiming to build the slab track for the HSL 
in Sweden. Therefore, Abetong wants to explore and analyse the results of a 
slab track dimensioned according to Beton Kalender 2000. 

1.2 Aim and Purpose 

The aim is to analyse and explore the results of a slab track, dimensioned 
according to the Beton Kalender 2000.  

The purpose is to establish background knowledge about the different 
demands and different design rules available for slab track.  

1.3 Limitation 

This report is focused on the design of the slab track when only vertical 
loads act on the track. The lateral loads, that occur in curves, where not 
taken into account, as well as the temperature loads. Thus the slab was 
designed as a perfectly straight track without any types of curves. 

When variables, demands and other types of information could not be found 
in the Beton Kalender 2000 the information needed would be selected from 
the STA demands and also from European standards. 

As the STA only refers to chapter 3 in the Beton Kalender 2000 this was the 
only chapter looked at when dimension the slab track. Other chapters in 
Beton Kalender where not taken into account. 

There are a lot of reports explaining the history of high speed trains and 
therefore this thesis only give a brief introduction what HSL are and 
different types of slab tracks. The focus was on calculations part. 
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2. Theory  

2.1 High speed train 

In 1964, Japan became the first country to build a High-Speed Train (HST) 
with a capacity of traveling up to 210 km/h. The HSL route was located 
between Tokyo and Osaka (Givoni, 2006). It would take 17 years after 
Japans breakthrough before France built the first HST in Europe connecting 
Paris and Lyon. While many HST travel with a speed of 200 km/h, the 
standard has become higher and higher over time. The European 
commission in 1996 defined HST as 250 km/h for new lines and 200 km/h 
for lines that could be upgraded. Modern HST can operate in a speed 
between 300 km/h and 350 km/h, which connects European cities even 
further. 

Swedish HST, called X-2000, was first introduced between Malmö and 
Gothenburg in 1997 (Sayeed and Shahin, 2016). Right after the start of the 
line huge vibrations were found in the railway structure and the circumjacent 
soil. Therefore, the speed was reduced instantly after an inspection of the 
track was made. This problem lit up the issue of running HST on soft soils. 

2.2 Ballasted tracks 

Today in Sweden all railway tracks are constructed as ballasted tracks 
systems (Jarnvag.net 2016). The ballasted tracks have sleepers under the 
rails, i.e. that sleepers lay in ballast. The sleepers are typically made of wood 
or concrete, where concrete is the most common for the main lines. Concrete 
sleepers can handle higher axle load than wood sleepers and does not require 
the same amount of maintenance, and the wood sleepers are less stiff. The 
ballast size used is often one of the largest sizes there is. A cross section of a 
ballasted track is shown in Figure 1. 
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Figure 1: Principle of track structure: cross section (Esveld 2001, s. 203). 

According to Berhane & Hagman (2015) the ballasted tracks need 
periodically maintenance to keep the desired track position. The more the 
track is out of its relative position, the faster the breakdown proceeds. One 
of the methods is to lift up the tracks and apply ballast under the sleepers. 
When using this method some of the ballast tear down and after several 
tamping the ballast needs to be replaced. Other disadvantages with ballasted 
tracks can be stability problems due to high speeds or to great lateral forces. 

2.3 Ballastless tracks 

A ballastless track contains of a continuously reinforced concrete slab 
instead of a ballasted material (Bezin et al., 2010). The slab design varies 
depending on system and manufacturer (Gautier, 2015). The common 
attribute of all system is that the ballast is replaced by a concrete slab. The 
sleeper can be kept above the slab, installed into the slab (prefabricated) or 
the slab is simply without any sleeper (direct system). 

In a ballasted track, local settlements can be corrected by filling additional 
ballast under the sleepers, regularly over the railways lifetime (Gautier, 
2015). Contrary to a ballasted track, ballastless tracks need to be designed to 
fulfil the settlement requirements for a railways lifetime. This puts extra 
demands on the slab itself as well as on the substructure. Although 
ballastless tracks have a higher installation cost, it is cheaper over the 
railways lifetime because of the lower maintenance costs. 

2.4 Different system of ballastless tracks 

There is a great amount of systems developed for HSL, as shown in 
Figure 2. The different types of support layer consist of either asphalt, with a 
structure type with sleepers, or concrete with five different structure types 
(Freudenstein, 2010).  
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Figure 2. Different types of High Speed Railway system. 

2.4.1 Rheda System 

This is a type of ballastless systems, where the sleepers are embedded in one 
continuous slab track (Gautier, 2015). The Rheda systems has been 
developed in Germany over 30 years, starting with the “Rheda 1972” for 
loads of 160 km/h, 225 kN/axel and later for loads of 300 km/h, 225 kN/axel 
with the latest Rheda 2000. The principle with the design was to replace two 
mass springs, by expending vibration isolation, and replacing it with a one-
stage system. This involved embedding the sleepers into the slab. The 
modifications of the Rheda 2000 consists of usage of a matched bi-block 
sleeper, and thanks of infill concrete together with the non-pre stressed 
reinforcement sleeper forms a structure that surrounds and encloses the 
sleeper (Freudenstein, 2010). Due to its low structural height the Rheda 
2000 can be used on all types of substructures appropriate for ballastless 
tracks. 

2.4.2 The ÖBB-Porr system 

The Austrian Railway Corporation (ÖBB) together with Austrian company 
Porr developed a type of compact system with a prefabricated slab track 
(PORR-Group, 2016). The system is called system ÖBB-Porr elastically 
supported track base plate and it has been the mandatory system in Austria 
since 1995 and has also been used for HSL in Germany. The track base plate 
usually has the dimensions of 5.16 x 2.40 m2 and a height of 16 cm (could 
be made in smaller dimensions if necessary) and has eight pairs of 
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supporting points, with a distance of 650 mm. The vertical loads are taken 
from the UIC Load Model 71, 250 kN with a velocity of 330 km/h. An 
elastomer layer is incorporated in the slab which both reduces the sound 
emission from the slab when trains runs and even more important, prevents 
cracks due to stress. 

2.5 Demands of the Swedish Transport Administration 

In the document “Tekniska systemkrav för Ostlänken” from the Swedish 
Transport Administration certain parameters are giving such as the axel 
load; 170 kN and 320 km/h for the new HSL as well as 225 kN and 
200 km/h for the current regional trains (Trafikverket, 2014). In chapter 
8.11.3 Construction of track of the “Tekniska systemkrav för Ostlänken” the 
slab track system should be designed according to Beton Kalender 2000, in 
which more detailed information regarding the design could be found.  

There is no information of why some parameters are giving in the Beton 
Kalender 2000 and there is also one difference between Beton Kalender 
2000 and the document from the STA. The stiffness for one support of the 
rail is higher in “Tekniska systemkrav för Ostlänken”. 

2.6 Slab on elastic foundation 

In the early 20th century, Westergaard came up with a solution of calculating 
slabs on an elastic foundation (Riad, et.al., 2008). What Westergaard found 
out was an elastic radius/length equation of the slab, that were depending on 
the substrcture. The less stiff the substructure is, the longer the elastic 
radius/length will be. With a certain load at a certain place on the slab, only 
the slab within the elastical length will be affected by that load. Today, these 
equations are used in the Beton Kalender 2000 and in prEN 16432-2. The 
method can also be called rigid pavements. 

2.7 Calculations 

Methods and equations are from the prEN 16432-1:2015 Railway 
applications – Ballastless track system – Part 1-General Requirements and 
prEN 16432-2:2015 Railway applications – Ballastless track system – Part 
2 – Subsystems and components. There is a third part, Acceptance, which is 
not used in this report. Important to know is that this is not yet the European 
Standard, only a draft submitted to the European Committee for 
Standardization for review and comments and can therefore change without 
notice. The other references where equations are selected from is Engstöm 
(2007) and from Eurocode 2. 
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3. Design of the concrete slab for the high speed railway 
lines 

This chapter will provide information about the calculations in the design of 
the design of the concrete slab for the high speed railway lines, and every 
variable, as well as when they are used, how and why. Figure 3 shows the 
flow of calculations and how the most important features in the calculations 
are related to each other. In the following, the individual steps are discussed 
in detail. Calculations are based on design rules given in the following 
guidelines and design standards 

-! Beton Kalender, 

-! Eurocode 2, and 

-! prEN 16432. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Summary of the calculations for the dimensioning of a concrete slab for high speed railway 
lines and in what chapter each one is described. 

3.1 Object description 

The object that this thesis is looking into is a rectangular concrete slab for a 
high-speed railway line in Sweden. As shown later, it is possible to calculate 
the object in two different ways, using two different calculation theories, 
once as a slab and once as a beam. The difference, otherwise than the 
equations, is that when it is calculated as a beam only half of the width is 
used. 

The slab shall according to STA be able to handle trains with a operating 
speed of 320 km/h and an axle load of 250 kN. 



8 
Hahrs, Malmberg & Mohlén 

The slab dimension is taken out of Beton Kalender 2000 which the STA 
demands. Therefore, the dimensions are fixed and will not be changed in the 
following calculations.  

A height of 240 mm and a width of 3200 mm are used. 

Length: In the calculation the slab is considered infinitely long, but as only 
local settlement is taken into account the actual length will be the same as 
for the ÖBB-Porr slab, namely 5160 mm. 

The reinforcement in the long direction is supposed to be 0.85% of the area 
of the cross section, according to Beton Kalender 2000. With the diameter 
20 mm there will be 21 rebar and 152,4 mm distance between. The position 
of the reinforcement is in the middle of the height. The reinforcement is in 
the slab because of the temperature changes and not for the bending moment 
capacity. 

 

3.2. Rail seat loads 

The first step is to calculate the rail seat loads. The rail seat loads are the 
loads that come down at every contact area between the rail and the slab. 
These rail seat loads are then used for the moment calculations. The axle 
load used is from the load scheme UIC71 and can be seen in Figure 4. The 
UIC71 is a European standard value for the heaviest trains running on the 
European railways. 

 
Figure 4: Axle load and rail seat configuration for load scheme UIC71. 

According to Beton Kalender (2000) and prEN 16432-2 the rail seat loads 
!"# $%  can be calculated with the following formulas. 

Rail seat loads !"# $%  due to wheel loads 

 !" = '()( ∙ +" ∙ ,"
"

, ( 1 ) 

where 
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'()( is the stiffness for one support of the rail % .. , 

,/ is the rail deflection .. , 

+" is a factor to add additional deflection due to influence of 
additional wheel loads, and 

+()( is the total additional deflection due to influence of additional 
wheel loads. 

The rail deflection, ,/, which is needed for the rail seat load, !", is 
depending on the wheel load, 0/. The wheel load is depending on the axle 
load, 1, and there is the relationship between the axle load and the rail seat 
loads. 

The rail deflection ,/# ..  for a single wheel load 0/# %  is calculated by 
 

,/ =
0/ ∙ 2

2 ∙ '()( ∙ 456.89:6
, 

( 2 ) 

 
0/ = $; ∙ $< ∙

1
2
, ( 3 ) 

where 

a is the rail seat spacing .. , 

1 is the axle load % , 

$; is a factor to increase the static wheel loads by additional vertical 
loads (additional quasi static wheel load), 

$< is a dynamic load factor, and 

456 is the elastic length ..  of the rail. 

Additional deflection due to influence of additional wheel loads are given by 
 

+" =
=>? @" + 'B= @"

CDE
, 

( 4 ) 

 @" =
F"
456
, ( 5 ) 

 +()( = +G + +H + +I + +J ( 6 ) 

where 

+" is a factor to add additional deflection due to influence of 
additional wheel loads, 
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@" is a ratio between the distance F" and the elastic length 456 
measured in radian, and 

F" is the distance ..  between rail seat 0 and the position of wheel 
load. 

The elastic length 456.89:6# ..  of the rail is calculated as 
 

456.89:6 =
4 ∙ LM ∙ NM ∙ 2

'()(

O
, 

( 7 ) 

where 

LM is the Young's modulus % ..H  of the rail, 

NM is the vertical moment of inertia ..J  of the rail, 

a is the rail seat spacing .. , and 

'()( is the stiffness# % ..  for one support of the rail. 

3.3 The elastic length/radius 

To calculate the bending moment in the slab and the elastic length/radius the 
bedding modulus is needed. The bedding modulus is an average stiffness of 
the whole bed, which depends on every layer height and stiffness. 

Thus, the bedding modulus $# % ..I  can be calculate 
 

$ =
LI
ℎ∗
, ( 8 ) 

 
ℎ∗ = 'G ∙ ℎG ∙

LG
LI

R
+ 'H ∙ ℎH ∙

LH
LI

R
, 

( 9 ) 

where 

ℎ∗ is the equivalent height ..  of the slab layer having the same 
bearing capacity as the half-space beneath, 

ℎG is the effective thickness ..  of the slab, 

ℎH is the effective thickness ..  of the base layer, 

LG is the Young's modulus % ..H  of the slab, 

LH is the Young's modulus % ..H  of the base layer, 
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LI is the Young's modulus % ..H  of the substructure, 

'G is a constant for the slab, and 

'H is a constant for the base layer. 

The coefficients 'G and 'H can be considered to be equal to 0.83 for concrete 
layers or hydraulically bonded layers, while a value of 0.90 is recommended 
for asphalt layers and non-bonded layers. 

To consider the bearing capacity of multi-layered structures, an equivalent 
thickness, ℎSS, in mm is used. This equivalent thickness is later used when 
calculating the bending moment and the elastic length/radius. It is derived 
from the following equation, reading as 

 
ℎSS =

LG ∙ ℎG
I + LH ∙ ℎH

I

LG

R

, 
( 10 ) 

where 

ℎG is the effective thickness ..  of the slab, 

ℎH is the effective thickness ..  of the base layer, 

LG is the Young's modulus % ..H  of the slab, and 

LH is the Young's modulus % ..H  of the base layer. 

3.4 Longitudinal and lateral bending moment based on slab theory 

In this section the bending moments in the concrete slab are calculated. As 
the slab is calculated as a 2-dimensional structure both lateral and 
longitudinal bending moments appear. The moments are only calculated at 
the most critical point, which is directly under the seat load !/. 

According to Beton Kalender and prEN 16432-2, the total longitudinal 
bending moment, TU69V.6)WX.SS# $%. , and the lateral bending moment, 
TU69V.69(.SS# $%. , can be calculated with the following equations. 

 TU69V.6)WXYY = TU69V./.SS + TU69V.6)WX.W5:XZ, ( 11 ) 

 TU69V.69(.SS = TU69V./.SS + TU69V.69(.W5:XZ. ( 12 ) 

According to Beton Kalender and prEN 16432-2, the bending moment, 
TU69V./.SS# $%. , due to rail seat load !/# %  can be calculated with the 
following equation, reading as 
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TU69V./.SS =

0.275 ∙ !/
6

∙ 1 + `G

∙ aBb
LG ∙ ℎSS

I

$ ∙ cJ
− 0.436 , 

( 13 ) 

where 

!/ is the rail seat load % , 

`G is the Poissons's ratio −  of the slab, 

LG is the Young's modulus % ..H  of the slab, 

ℎSS is the equivalent thickness of the slab, 

$ is the bedding modulus % ..I , 

f is the radius ..  for circular area 1gh, and 

1gh is the contact area ..H . 

The radius f is further calculated as 
 

f =
1gh
i
, 

( 14 ) 

 If f < 1.724 ∙ ℎSS then c = 1.6 ∙ fH + ℎSS
H − 0.675 ∙ ℎSS. ( 15 ) 

According to Beton Kalender and prEN 16432-2 the longitudinal bending 
moment, TU69V.6)WX.W5:XZ# $%. , and lateral bending moment, 
TU69V.69(.W5:XZ# $%. , due to neighbouring seat loads can be calculated with 
the following equations 

 TU69V.6)WX.W5:XZ = TU69V.6)WX,", 
( 16 ) 

 TU69V.69(.W5:XZ = TU69V.69(,", 
( 17 ) 

where 
 T"_l,( = m8,( ∙ !", ( 18 ) 

 
456.U69V =

LG ∙ ℎSS
I

12 ∙ 1 − `G
H ∙ $

O
, 

( 19 ) 
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m8," = 0.160 − 0.284 ∙

F"
456

+ 0.157 ∙
F"
456

H
− 0.036

∙
F"
456

I
+ 0.003 ∙

F"
456

J
, 

( 20 ) 

 
m(," = 0.244 − 0.335 ∙

F"
456

+ 0.189 ∙
F"
456

H
− 0.048

∙
F"
456

I
+ 0.005 ∙

F"
456

J
, 

( 21 ) 

where 

456.U69V is the elastic radius ..  of the slab, 

`G is the Poissons's ratio −  of the slab, 

LG is the Young's modulus % ..H  of the slab, 

ℎSS is the equivalent thickness ..  of the slab, 

$ is the bedding modulus % ..I , 

m8," is a factor in the radial direction, 

m(," is a factor in the tangential direction, and 

F" is the distance ..  from !" to the reference load !/. 

Lambda m only computed for the following range of the ratio of the distance, 
F", to the elastic radius, 456.U69V. Otherwise lamda value will be zero. 

 0.2 <
F"
456

< 2.5 ( 22 ) 

3.5 Calculation of bending moment based on beam theory  

In this section, the bending moments in the concrete are calculated based on 
beam theory. As the beam is calculated as a 1-dimensional structure only 
longitudinal bending moments appear, and only half the width is used. The 
moments are only calculated at the most critical point, which is directly 
under seat load !/. 

According to Beton Kalender and prEN 16432-2 the total longitudinal 
bending moment TV59p.6)WX.SS# $%.  can be calculated with the following 
formula, reading as 

 TV59p.6)WX.SS = TV59p./.SS + TV59p.6)WX.W5:XZ ( 23 ) 
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According to Beton Kalender and prEN 16432-2 the bending moment 
TV59p./.SS# $%.  due to rail seat load !/# %  can be calculated with the 
following set of equations, 

 
TV59p./.SS =

!/ ∙ 456
4

, ( 24 ) 

 
456.V59p =

4 ∙ LG ∙ Nq
cq ∙ $

O
, 

( 25 ) 

 
cq =

cG
2
, 

( 26 ) 

 
Nq =

cq ∙ ℎSS
I

12
, 

( 27 ) 

where 

!/ is the rail seat load % , 

456.V59p is the elastic length ..  of the beam, 

LG is the Young's modulus % ..H  of the slab, 

$ is the bedding modulus % ..I , 

cq is half the slab width .. , 

cG is the slab width .. , 

Nq is the moment of inertia of the beam ..J , and 

ℎSS is the equivalent thickness ..  of the beam. 

According to Beton Kalender and prEN 16432-2, the longitudinal bending 
moment, TV59p.6)WX.W5:XZ# $% ∙ . , due to neighbouring seat loads, can be 
calculated with the following set of equations, 

 
TV59p.6)WX.W5:XZ =

456
4
∙ !" ∙ `" , 

( 28 ) 

 @" =
F"
456
, ( 29 ) 

 
`" =

− =>? @" + 'B= @"
CDE

, 
( 30 ) 

where 

@" is measured in radian, 
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F" is the distance ..  between rail seat 0 and the position of wheel 
load, and 

`" is a factor in the longitudinal direction. 

Only positive `" shall be taken into account. 

3.6 Controlling if cracks in the concrete appear 

In this section the slab and beam are controlled as regards cracking due to 
the bending moments. The equations are the same if considered as a beam or 
a slab. Only the parameters inserted are different. The bending moment used 
here is the moment calculated in the previous sections. 

According to Eurocode 2 the concrete is considered uncracked if the 
following requirement is fulfilled 

 rs( ≤ us(.v6 = $ ∙ us(w/,/x, ( 31 ) 

where 

r'y is the critical stress T!2 , 

fctk0,05 is the lower characteristic value of the concrete tensile T!2 , and 

$ is a geometry factor. 

The critical stress, rs(, can be calculated from 
 

rs( =
T
N
∙
ℎ
2

 
( 32 ) 

 
$ = 1.6 −

ℎ
1000

 
( 33 ) 

where 

T is the bending moment $%. , 

N is the moment of inertia of the slab or beam ..J , and 

ℎ is the height ..  of the slab or beam. 

3.7 Bending moment capacity of concrete slab 

Here, the bending moment capacity of the slab is calculated. The equations 
are the same if considered as a beam or a slab. This is done in order to check 
if the slab has enough moment capacity. This is required if no structural 



16 
Hahrs, Malmberg & Mohlén 

reinforcement for the bending capacity is considered. Although the 
reinforcement in the middle of the slab, it is contributing to this as well. 

According to Eurocode 2, the moment capacity, T~<# $%. , can be 
calculated with the following set of equations 

The design value of the compressive stress of concrete, us<, is given by 
 

us< =
usw
�s
∙ Äss, 

( 34 ) 

where 

usw is the characteristic compressive strength for the concrete, 

�s is the partial coefficient for concrete, and 

Äss is the national parameter which normally equal to 1.0, but in 
general depending on the safety class, i.e. on the consequence class 
of the structure. 

The design value of the yield strength of the reinforcement, uÅ<, is given by 

 
uÅ< =

uÅw
�U
, 

( 35 ) 

where 

fÇÉ is the characteristic yield point for the reinforcement, and 

γÖ is the partial coefficient for reinforcement. 

The elastic elongation of the reinforcement, ÜUÅ, is calculated as 

 
ÜUÅ =

uÅ<
LU

 
( 36 ) 

where 

EÖ is the Young’s modulus % ..H  of the reinforcement. 

For equilibrium conditions, the following set of equations must be satisfied, 
reading as 

 às − àU = 0, ( 37 ) 

 às = Ä ∙ us< ∙ c ∙ F, ( 38 ) 

 àU = 1U ∙ uÅ<, ( 39 ) 

where 
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às is the total force %  from the concrete, 

àU is the total force %  from the reinforcement, 

Ä is a pressure block factor for concrete, 

c is the width ..  of the slab, 

F is the distance ..  from the top of the slab to the neutral layer, 
and 

1U is the total area ..H  of the reinforcement. 

The plastic elongation in the reinforcement, ÜU, is calculated according to 
 

ÜU =
âG − F
F

∙ Üsä ≥ ÜUÅ, 
( 40 ) 

where 

âG is the distance ..  from the top of the slab to the reinforcement, 

F is the distance ..  from the top of the slab to the neutral layer, 
and 

Üsä is a parameter for concrete elongation −  under pressure. 

Equilibrium conditions regarding the bending moment yield the bending 
moment capacity of the concrete slab, T5<, from the following equation 

 T5< − às ∙ å = 0, ( 41 ) 

where 

T5< is the moment capacity $%. , 

às is the total force %  from the concrete, and 

å is the lever arm .. . 

3.8 Deformation of the slab if calculated based on slab theory 

In this section the deformation of the concrete slab is calculated. As the slab 
is calculated as a 2-dimensional structure the deformation calculations are 
different from the calculations based on beam theory. The deformation is 
only calculated at the most critical point, which is directly under the rail seat 
load !/, in the following equations denominated as case ç/. 
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According to Beton Kalender the deformation under the seat load, ,, used in 
mm can be calculated with the following Equation, reading as 

 
, =

ç/ + ç" ∙ é" + ç"
è ∙ é"

8 ∙ $ ∙ 456.U69V
H , 

( 42 ) 

where 

ç/ is the rail seat load on the most critical point, 

ç" are the rail seat loads on the same side as ç/ that are tributing to the 
deformation, 

Sj
′ are the rail seat loads on the different side as ç/ that are tributing to 

the deformation, 

é" is a factor depending on the distance from S/, and calculated with 
the following equation, 

 
é" = 0.1269 − 0.0331 ∙

F"
456.U69V

− 0.0241 ∙
F"

456.U69V

H

+ 0.0109 ∙
F"

456.U69V

I
− 0.0012

∙
F"

456.U69V

J
, 

( 43 ) 

F" is the distance ..  from ç: to ç/, 

$ is the bedding modulus % ..I , see Equation (7), and 

456.U69V is the elastic radius ..  of the slab, see Equation (18). 

The coefficient, é, is only computed for the following range of the ratio 
between the distance, F", and the elastic radius, 456.U69V, 

 0.2 <
F"

456.U69V
< 4.0. ( 44 ) 

3.9 Deformation of the slab if calculated based on beam theory 

In this section the deformation of the slab is calculated. As the beam is 
calculated as a 1-dimensional structure, the deformation calculations are 
different from the slab calculations. The deformation is only calculated at 
the most critical point, which is directly under the rail seat load !/, in the 
following equations denominated as case ç/. 
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When calculated as a beam the deformation of a beam loaded by a point load 
and by a distributed load, respectively, can be calculated as follows 
(Dahlblom, et.al, 2008) 

 
ìp9î.G =

! ∙ 456
I

48 ∙ LG ∙ NV
, 

( 45 ) 

 
ìp9î.H =

5 ∙ 0 ∙ 456
J

384 ∙ LG ∙ NV
, 

( 46 ) 

where 

ìp9î.G is the deformation ..  from a made up point load, 

ìp9î.H is the deformation ..  from a made up distributed load, 

! is the made up point load % , 

0 is the made up distributed load % ∙ .. , 

456 is the elastic length ..  of the beam, 

LG is the Young's modulus % ..H  of the slab (which is equal to the 
Young’s modulus of the beam in this case), and 

NV is the moment of inertia of the beam ..J . 

With the moment from earlier calculations, a made up point load and a 
distributed load are calculated with a single supported beam and 456 as 4, 
and with those made up loads a deformation can then be calculated as the 
deformation according to Equations (44-45), either considering the loads as 
a concentrated or as a distributed, respectively. The corresponding bending 
moments read as 

 
TG =

! ∙ 4
4
, ( 47 ) 

 
TH =

0 ∙ 4H

8
. 

( 48 ) 

3.10 Crack width 

In this section the crack width as a result of the loading of the concrete slab 
is calculated. The equations are the same if considered as a beam or a slab. 
Only if the beam or slab was considered cracked according to Subsection 
4.4, the crack width is checked.  

According to Eurocode 2, the crack width can be calculated with the 
following formula 
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 ïw = ç8.p9î ∙ ∆Üp, ( 49 ) 

where 

ïw is the crack width, 

ç8.p9î is the crack distance, and 

∆Üp is the difference in elongation between the reinforcement and the 
concrete. 

According to Eurocode 2, the crack distance can be calculated with the 
following formula 

 
ç8.p9î = $I ∙ ' + $G ∙ $H ∙ $J ∙

ó
òô.5v

, 
( 50 ) 

where 

' is the covering concrete layer for the reinforcement, 

$G is a factor that take the reinforcements surface properties into 
account, 

$H is a factor taking the elangonation gradient into account, 

$I is a national parameter, recommended value, 

$J is a national parameter, recommended value, 

ó is the diameter ..  of the reinforcement, and 

òô.5v is a relationship between the reinforcement and the contributing 
area. 

The latter ratio is calculated as 
 

òô.5v =
1U
15v

, 
( 51 ) 

where 

1U is the total area ..H  of the reinforcement, and 

15v is the area ..H  of contributing concrete between cracks, 
calculated as 

 15v = c ∙ ℎs.5v ( 52 ) 
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where 

c is the width ..  of the slab or beam, and 

ℎs.5v is the contributing height .. , calculated as 

 
ℎs.5v = .>? 2.5 ℎ − â ,

ℎ − F
3

,
ℎ
2

 
( 53 ) 

where 

ℎ is the height of the slab or beam, 

â is the distance ..  from the top of the slab to the reinforcement, 
and 

F is the distance ..  from the top of the slab or the beam to the 
neutral layer. 

According to Eurocode 2, the difference in elongation between the 
reinforcement and the concrete can be calculated with the following formula 

 

∆Üp =
rU − $( ∙

us(p(y)
òô.5v

∙ 1 + Ä ∙ òô.5v

LU
≥ 0,6 ∙

rU
LU

 

( 54 ) 

where 

rU is the reinforcement stress T!2 , 

$( is a factor that take load duration into account, 

us(p is the concrete tensile T!2 , 

òô.5v referring to Equation (49), 

LU is the Young's modulus % ..H  of the reinforcement, and 

Ä is a relationship between the Young’s modulus of the 
reinforcement and the concrete, reading as 

 
Ä =

LU
Ls

 
( 55 ) 

The reinforcement stress is calculated with 
 

rU =
T6

1U âG −
F
3
, ( 56 ) 

where 
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T6 is the bending moment $% ∙ . , 

As is the area ..H  of the reinforcement, 

d1 is the distance ..  from the top of the slab to the reinforcement, 

F is the distance ..  from the top of the slab to the neutral layer, 

LU is the Young's modulus % ..H  of the reinforcement, and 

Ls is the Young's modulus % ..H  of the concrete. 
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4 Method 

4.1 Quantitative method 

Variables and calculation formulas used in this report are collected through 
quantitative methods. The calculations in this report are established from 
Beton Kalender 2000 as well as, STA demands and the European Standard. 
Such data have been analysed and evaluated before being used in the 
calculations. 

The calculations are made by hand and are not simulated in a computer 
program. The chosen calculation method is used because the STA are 
demanding that the slab should be dimensioned with that method. All the 
equations are described in chapter 3.  

4.2 Data 

Beton Kalender 2000 specifies certain dimensions of the slab as well as 
material attributes that must be used throughout the calculations. These 
variables were analysed and taken directly from the Beton Kalender 2000. 
Other variables that were used was taken from the demands from the STA. 

4.3 Validity & reliability 

This report illustrates the slabs behaviour during certain conditions through 
calculations. In order to create a higher reliability real life experiments must 
be tested. 

The reliability of the calculations can be considered high. With the same 
calculations and same parameters, the results should always be the same 
with the chosen method, predicted that all the calculations are performed 
correct.  
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5. Implementation 
The set of equations for the design of a concrete slab for a ballastless track 
system (described in Section 4) is applied to a specific example, which is 
described and visualized in the following. 

A slab with height of 240 mm, width of 3200 mm and length of 5160 mm 
was used. General parameters used in this implementation can be found 
below. See also Appendix A: 

 
LM = 210#ü!2 (Young’s modulus for the rail), 

LG = 34#ü!2  (Young’s modulus for the slab), 

LH = 10#ü!2  (Young’s modulus for the base layer), 

LI = 120#T!2#(ì2f>C=) (Young’s modulus for the substructure), 

NM = 30550000#..J (Moment of inertia for the rail), 

'()( = 65#$%/.. (Stiffness of one support of the rail), 

ℎG = 240#..  (The effective thickness of the slab), 

ℎH = 300#..  (The effective thickness of the base layer), 

2 = 650#..  (Distance between rail seat loads in the longitudinal 
direction), 

= = 1500#..  (Distance between rail seat loads in the lateral direction), 

1 = 250#$%  (Axle load), 

!"  (Rail seat loads), 

!"°  (Rail seat loads on opposite rail), 

!" = !"°  (Rail seat loads), and 

ç" = !"  (Rail seat loads). 
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6. Results 

6.1 Results of calculations of design example 

6.1.1 Rail seat loads 

When calculating each load, only three on each side of the most critical 
point of reference, !", will be under considered, see Figure 5. The slab is 
continuous, so in theory there are loads further away from !/ than the three 
considered ones, but these loads are negligible due to small impact to the 
moment (see Section 4). The loads on the opposite rail, refereed as !"°, also 
contributes to the bending moment at point of reference !/. 

 
Figure 5: Rail seat loads. 

To see how much the axle load contributes to the bending moment, every 
load at each point of reference is calculated according to Equation (1), where 
,/ is the rail deflection according to Equation (2) 

 
,/ =

0/ ∙ 2
2 ∙ '()( ∙ 456.89:6

= 1.581#.., 
( 2 ) 

and +()( is the total additional deflection due to influence of additional 
wheel loads for each point of reference, see Equation (6), 

 +()( = +G + +H + +I + +J = 1.019, ( 6 ) 

where +" is calculated according to Equation (4) and yields 

 
+" =

=>? @" + 'B= @"
CDE

, 
( 4 ) 

thus, Equation (1) yields the following rail seat load 
 !/ = '()( ∙ ,/ ∙ +()( = 104.689#$%. ( 1 ) 
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6.1.2 The elastic length/radius 

The elastic length/radius, for a slab and a beam, of the slab structure depends 
of the Young’s modulus of the slab and the bedding modulus, $, according 
to Equation (8) 

 
$ =

LI
ℎ∗
= 0.05#%/..I, ( 8 ) 

with h∗ depending of the Young’s modulus of each layer according to 
Equation (9) 

 
ℎ∗ = 'G ∙ ℎG ∙

LG
LI

R
+ 'H ∙ ℎH ∙

LH
LI

R
= 2.396#.. 

( 9 ) 

The calculation of lateral and longitudinal bending moment of a slab 
requires one requirement according to Equation (22), which is satisfied. For 
a slab on a rigid pavement the elastic radius will be calculated according 
Equation (19), reading as 

 
456.U69V =

LG ∙ ℎSS
I

12 ∙ 1 − `G
H ∙ $

O
= 1060.242#.., 

( 19 ) 

where the equivalent height is calculated according to Equation (10), reading 
as 

 
ℎSS =

LG ∙ ℎG
I + LH ∙ ℎH

I

LG

R

= 279.203#... 
( 10 ) 

For a beam on a rigid pavement the elastic length is calculated according to 
Equation (25), reading as 

 
456.V59p =

4 ∙ LG ∙ Nq
cq ∙ $

O
= 1489.718#... 

( 25 ) 

6.1.3 Longitudinal and lateral bending moment based on slab theory 

The most critical load is !/ and this will be the load when the longitudinal 
and lateral bending moments on a rigid pavement, according to Equations 
(11) and (12), are calculated. TU69V.W5:XZ is the longitudinal/lateral bending 
moment due to neighbouring seat loads and is calculated according to 
Equations (16) and (17). The longitudinal and lateral bending moments are 
calculated as 

 TU69V.6)WXYY = TU69V./.SS + TU69V.6)WX.W5:XZ =
52.254#$%., 

( 11 ) 
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 TU69V.69(.SS = TU69V./.SS + TU69V.69(.W5:XZ = 33.972#$%., ( 12 ) 

where TU69V./.SS is the bending moment due to rail seat load !/, according to 
Equation (13) 

 
TU69V./.SS =

0.275 ∙ !/
6

∙ 1 + `G

∙ aBb
LG ∙ ℎSS

I

$ ∙ cJ
− 0.436

= 25.376$%., 

( 13 ) 

and TU69V.W5:XZ is the longitudinal/lateral bending moment due to 
neighbouring seat loads, according Equations (16) and (17), yielding 

 TU69V.6)WX.W5:XZ = 2 T6)WX." + T6)WX./°

+ 2 T6)WX."° = 26.878#$%., 

( 16 ) 

 TU69V.69(.W5:XZ = 2 T69(." + T69(./° + 2 T69(."°

= 8.596#$%.. 

( 17 ) 

6.1.4 Longitudinal bending moment based on beam theory 

When the moment of a beam is calculated based on beam theory, only half 
the width of a the slab is used, see Figure 6, thus only the loads of the rail 
looked upon will be considered. 

Figure 6: Loads under consideration based on beam theory. 

In the Beton Kalender 2000, it is stated that the calculations can be done 
either based on slab or on beam theory. If the concrete slab is calculated as a 
beam the longitudinal bending moment, TV59p.6)WX.SS, will be calculated 
according to Equation (23) 

 TV59p.6)WX.SS = TV59p./.SS + TV59p.6)WX.W5:XZ
= 59.005#$%., 

( 23 ) 

where the moment due to seat loads, TV59p./.SS, will be calculated according 
Equation (24), reading as 

 
TV59p./.SS =

!/ ∙ 456
4

= 38.989#$%., ( 24 ) 
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and the moment due to neighbouring seat loads, TV59p.6)WX#W5:XZ, according 
to Equation (28), yields 

 
TV59p.6)WX.W5:XZ =

456
4
∙ 2 !G ∙ `G = 20,016#$%., ( 28 ) 

when only positive µ according to Equation (30) are taken into account. 

6.1.5 Controlling if cracks in the concrete appear 

A concrete beam cracks when the stress, rs(, is equal to or greater than 
us(.v6. Thus, the beam is considered uncracked if the following requirement 
is fulfilled, according to Equation (31) 

 rs( ≤ us(.v6, ( 31 ) 

where 
 us(.v6 = $ ∙ us(w/./x = 2.992#T!2. ( 31 ) 

6.1.6.1 Slab in the longitudinal direction 

Even though it is a slab it will be looked upon as a beam with a width 
b=3200 m. This will change the vertical moment of inertia, depending how 
it is looked upon. The critical stress is calculated according to Equation (32) 
and yields the following value 

 rs( = 1.701#T!2 < us(.v6 = 2.992#T!2. ( 31 ) 

Since this requirement is fulfilled and the actual stress is considerably 
smaller than the limit stress, the concrete slab does not crack in the 
longitudinal direction in the herein considered load case. 

6.1.6.2 Slab in the lateral direction 

The whole slab track could be looked at as a continuous slab track. To find 
out if there will be cracks in the lateral direction, the width, b, will be the 
length of a slab dimensioned by ÖBB-Porr, resulting in b=5160 mm. The 
critical stress is calculated according to Equation (32) and yields the 
following value 

 rs( = 0.686#T!2 < us(.v6 = 2.992#T!2. ( 31 ) 

Since this requirement is fulfilled and the actual stress is considerably 
smaller than the limit stress, the concrete slab does not crack in the lateral 
direction in the herein considered load case. 
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6.1.6.3 Beam in the longitudinal direction 

When looked upon as a beam only half of the width of the concrete slab of 
3200 mm is used, resulting in b=1600 mm. The critical stress is then derived 
from Equation (32) as 

 rs( = 3.841#T!2 < us(.v6 = 2.992#T!2. ( 31 ) 

The critical stress based on beam theory is more than double the stress 
according to slab theory. Contrary to the calculations based on slab theory, 
the beam theory would suggest cracking of the concrete in the longitudinal 
direction, since the requirement is not fulfilled. Consequently, the crack 
width and corresponding crack distances must be calculated. 

6.1.6 Moment capacity of a slab in the longitudinal direction 

The reinforcement is placed in the middle of the slab in order to handle the 
temperature loads, while no reinforcement for the moment capacity would 
be required considering slab theory. With the area of reinforcement, 1U, and 
the width of the slab, cU69V, the distance from the top of the slab to the 
neutral layer, F, is calculated with horizontal balance according to Equation 
(37). With this distance the moment capacity will be calculate according to 
Equation (41), combined with Equation (38) 

 T~<.U69V = Ä ∙ us< ∙ cU69V ∙ FU69V ∙ å = 287.616#$%. (41) 

6.1.7 Moment capacity of beam in the longitudinal direction 

Similar conditions for the beam are considered as for the slab. What differs 
is the two is the width and the area of reinforcement. The moment capacity 
is then calculated as 

 T~<.V59p = Ä ∙ us< ∙ cV59p ∙ FV59p ∙ å = 143.808#$%. (41) 

6.1.8 Crack width at a certain moment 

To find out how the crack width changes when changing the moment, the 
slab or the beam is exposed to, Equation (49) is used together with the 
demand from Equation (54): 

 ïw = ç8.p9î ∙ ∆Üp ( 49 ) 
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6.1.9 Deformation if calculated as a slab 

The deformation according to Beton Kalender 2000 comes from Equation 
(42), reading as 

 
, =

ç/ + ç" ∙ é" + ç"
è ∙ é"

8 ∙ $ ∙ 456.U69V
H 0.358#.., 

( 42 ) 

where ç" are the loads at the rail and é" is the factor depending on the 
distance, F", from ç/ and is calculated according Equation (43) 

 
é" = 0.1269 − 0.0331 ∙

F"
456.U69V

− 0.0241 ∙
F"

456.U69V

H

+ 0.0109 ∙
F"

456.U69V

I
− 0.0012

∙
F"

456.U69V
#J 

( 43 ) 

where 
îE

g£§.•§¶ß
 has a requirement according to Equation (44) 

 2.0 <
F"

456.U69V
< 4.0 ( 44 ) 

6.1.10 Deformation if calculated as a beam 

The deformation of the beam is calculated with Equations (45) or (46). 
Depending if it is seen as a point load or as a distributed load. 

 
ìp9î.G =

! ∙ 456
I

48 ∙ LG ∙ NV
= 0.174#.., 

( 45 ) 

 
ìp9î.H =

5 ∙ 0 ∙ 456
J

384 ∙ LG ∙ NV
= 0.218#... 

( 46 ) 

6.2 Results of variations in design properties 

In addition to the specific design situation considered above, the design 
equations are applied in a parameter study in order to study the effect of 
certain parameters on the overall performance of the concrete slab. 
Particularly the stiffness of the substructure on certain parameters of the 
theoretical model and on the structural performance of the concrete slab is 
investigated in the following. The above-described situation is considered as 
a reference state, from which the stiffness properties were varied. 
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6.2.1 Elastic radius and length 

6.2.1.1 Elastic radius of slab for substructure with different stiffness  

The elastic radius of the slab is calculated through Equation (15) by varying 
the stiffness of the substructure, LI. Results as shown in Figure 7 and 
Figure 8. The elastic radius can be interpreted as the part of the slab that is 
affected by the loads.  

 
Figure 7: Relation between the stiffness of the substructure and elastic radius of the slab. 

 
Figure 8: Relation between the stiffness of the substructure and elastic radius of the slab. 
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The graphs are showing that the elastic radius is exponentially decreasing. 
As the substructure gets stiffer, the elastic radius becomes shorter. If there 
would be almost no stiffness at all, the elastic radius would be the full length 
of the track. 

6.2.1.2 Elastic length of beam for substructure with different stiffness 

The elastic length of the beam is calculated through Equation (25) by 
varying the stiffness of the substructure, LI. Results are shown in  Figure 9 
and Figure 10. The elastic length can be interpreted as a single supported 
beam with the equivalent length. The following results show the importance 
of the substructure stiffness. 

 
 Figure 9: Relation between the stiffness of the substructure and elastic length of the beam. 
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Figure 10: Relation between the stiffness of the substructure and elastic length of the beam. 

The graphs are showing that the elastic length is exponentially decreasing. 
As the substructure gets stiffer the elastic length becomes shorter. If there 
would be almost no stiffness at all the elastic length would be the full length 
of the track. 

6.2.2 Bending moment in the concrete slab 

6.2.2.1 Bending moment based on slab theory 

The elastic length changes depending on the stiffness of the substructure. 
The bending moment is calculated through Equations (16) and (17) and 
changes as the elastic length varies. As shown in Figure 11 and Figure 12 
the longitudinal bending moment varies depending on the stiffness of the 
substructure. This is also the case for the lateral bending moment, which is 
shown in Figure 13 and Figure 14. An increase of the bending moment 
could cause the slab to burst if the moment capacity is reached. It can also 
create cracks with larger crack width then allowed. 
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Figure 11: Relation between longitudinal bending moment and substructure stiffness 10-120 MPa. 

 

 
Figure 12: Relation between longitudinal bending moment and substructure stiffness 1-10 MPa. 
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Figure 13: Relation between lateral bending moment and substructure stiffness 10-120 MPa. 

 
Figure 14: Relation between lateral bending moment and substructure stiffness 1-10 MPa. 
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6.2.2.2 Bending moment based on beam theory 

The same principal as for a slab applies when calculating the bending 
moment as a beam. The bending moment for beam is calculated through 
Equation (24) and differs depending on the stiffness of the substructure, 
which is shown in Figure 15 and Figure 16. 

 
Figure 15: Relation between longitudinal bending moment and substructure stiffness 10-120 MPa. 

 
Figure 16: Relation between longitudinal bending moment and substructure stiffness 1-10 MPa. 
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The graphs show that the bending moment increases, as the stiffness gets 
lower. This is because the increasing of the elastic length. 

6.2.3 Deformation 

6.2.3.1 Deformation based on slab theory 

The deformation is calculated through Equation (42) and is depending on the 
stiffness of the substructure which is shown in Figure 17 and Figure 18. The 
slab can only handle a certain deformation depending on the substructure 
stiffness. If the deformation gets to large the slab will burst, although these 
graphs does not take this into account and are therefore only showing the 
theoretical values. 

 
Figure 17: Relation between deformation and substructure stiffness 10-120 MPa. 
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Figure 18: Relation between deformation and substructure stiffness 1-10 MPa. 

The deformation increases exponentially as the substructure stiffness 
decreases. This is happening because of the increased momentum as well as 
increased elastic length. 
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Figure 19: Relation between deformation and substructure stiffness 10-120 MPa when exposed to a 

point load. 

 
Figure 20: Relation between deformation and substructure stiffness 1-10 MPa when exposed to a 

point load. 

 

0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

0 10 20 30 40 50 60 70 80 90 100 110 120

D
ef

or
m

at
io

n 
(m

m
)

E3 - Substructure stiffness (MPa)

0

5

10

15

20

25

30

35

0 1 2 3 4 5 6 7 8 9 10

D
ef

or
m

at
io

n 
(m

m
)

E3 - Substructure stiffness (MPa)



40 
Hahrs, Malmberg & Mohlén 

 
Figure 21: Relation between deformation and substructure stiffness 10-120 MPa when exposed to a 

distributed load. 

 
Figure 22: Relation between deformation and substructure stiffness 1-10 MPa when exposed to a 

distributed load. 
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6.2.4 Crack width 

6.2.4.1 Crack width based on slab theory 

The slab is considered uncracked if the condition in Equation (31) is not 
fulfilled. If cracks appear the crack width is calculated through Equation 
(49). Table 1 shows the relation between the substructure stiffness, 
deformation and crack width. 

Table 1: Crack width at different substructure stiffness. 

Young’s modulus (Mpa) Deformation (mm) Crack width (mm) 

120 0.358 0 
110 0.384 0 
100 0.415 0 
90 0.451 0 
80 0.496 0 
70 0.551 0 
60 0.622 0 
50 0.718 0 
40 0.853 0 
30 1.064 0 
20 1.444 0.201 
10 2.406 0.249 
9 2.598 0.258 
8 2.829 0.272 
7 3.114 0.288 
6 3.479 0.307 
5 3.962 0.329 
4 4.642 0.355 
3 5.686 0.389 
2 7.553 0.434 
1 12.212 0.507 

Table 1 shows that the crack width is increasing as the substructure gets less 
stiff. The slab is always subjected to the same forces and therefore the 
increase of the crack width is due to the enlargement of the elastic length, 
which creates a greater bending moment. The slab is considered uncracked 
until a stiffness of smaller then 30 MPa is fulfilled. The STA are demanding 
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a maximum crack width of 0.2 mm, which is reached if the stiffness is equal 
or less than approximately 20 MPa.  

6.2.4.2 Crack width based on beam theory 

The beam is considering uncracked if the conditions in Equation (31) is not 
fulfilled. If cracks appear the width is calculated through Equation (49). 
Table 2 shows the relation between the substructure stiffness, deformation 
and crack width. 

Table 2: Crack width at different substructure stiffness. 

Young's modulus (MPa) Deformation (mm) Crack width (mm) 

120 0.218 0.110 
110 0.241 0.115 
100 0.270 0.121 
90 0.305 0.127 
80 0.350 0.137 
70 0.409 0.152 
60 0.488 0.171 
50 0.602 0.192 
40 0.775 0.226 
30 1.071 0.270 
20 1.680 0.341 
10 3.582 0.487 
9 4.014 0.513 
8 4.556 0.543 
7 5.259 0.578 
6 6.203 0.621 
5 7.534 0.674 
4 9.549 0.745 
3 12.942 0.844 
2 19.815 1.001 
1 40.804 1.324 
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The table shows how the crack width is increasing as the substructure get 
less stiff. This is due to the enlargement of the elastic length which creates a 
greater bending moment. The beam is considered uncracked until a 
substructe stiffness of 40 MPa. The STA are demanding a maximum crack 
width of 0.2 mm, which is reached if the substructure stiffness is equal or 
less than approximately 50 MPa. 
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7. Comparison analysis 

7.1 Deformation differences between slab and beam 

Figure 23 shows a a comparison between Figure 17 and Figure 21. Figure 24 
illustrates a comparison between Figure 18 and Figure 22. The two figures 
show how the deformation calculated by means of a slab or by means of a 
beam theory changes as the substructure stiffness changes. 

 
Figure 23: Comparison between the deformation of a slab and beam on substructure stiffness 10-

120 MPa. 
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Figure 24: Comparison between the deformation of a slab and beam on substructure stiffness 1-

10 MPa. 
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7.2 Crack width differences between slab and beam 

Figure 25 shows a comparison between the crack width documented in 
Table 1 and Table 2 for slab and beam-based calculations, respectively. The 
two lines in Figure 25 show how the crack width changes as the substructure 
stiffness changes. 

 
Figure 25: Comparison between the crack width of a slab and beam  
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8. Discussion  

8.1 Critical discussion of the methodological basis 

As the STA is demanding that the slab has to be dimensioned using Beton 
Kalender 2000, the calculations in this thesis followed this procedure. The 
structural analysis method, the Westergaard method for slab theory, was first 
used in the early 20th century, which was a long time ago and due to that 
more accurate analytical solutions might be available. However, the method 
is still used, in Beton Kalender 2000 and the prEN 16432, which tells that 
the method has some form of validity. In what extent is difficult to say and 
is beyond the scope of this thesis. 

When using the Westergaard method, it can be considered as a simplified 
version of the more complicated Winkler bed foundation. Therefore, the 
Westergaard method perhaps does not give the same result as if using the 
Winkler bed foundation. When reading through other similar thesis’s several 
computer based methods were used, such as FEM and BEM. These methods 
may be considered more reliable than the Westergaard method, but 
corresponding comparisons of the methods are not available for the specific 
situation presented herein. 

Another possible downside with the Westergaard method is that it is 
assuming perfect layers. If some settlements appear and the Young’s 
modulus for the substructure changes, the method can probably not be used. 
And with settlements the dimensions of the layers may change and therefore 
the calculations cannot be considered valid after settlements appear.  

To complete the thesis a few simplifications had to be made. When 
calculating the deformation, as a beam, for example. The moment, that was 
calculated in previous sections, was used to calculate made up point load 
and distributed loads due to normal load cases. And with these loads 
deformations were calculated. This was perhaps not the best way to do it but 
with the level of the thesis, no other way could be found. 

As said in Subsection 1.3, only the static vertical loads are taken into 
consideration. Due to that it is possible to say if the results based on this 
load case are enough to fulfil a durable design of the concrete slab. If 
calculation had been made with vertical loads combined with lateral forces, 
other results had most certain occurred. Dynamic loads and temperature 
loads are also not taken into consideration. As trains are moving on the rail, 
it may be a downside just to calculate static loads. These limitations are 
based on the Beton Kalender 2000 and the level of the thesis. 
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8.2 Discussion of results 

8.2.1 Discussion of results of the dimensioning example 

Results are showing the relationship between different variables and the 
stiffness of the substructure. This highlights the strong impact of the 
substructure on the performance of the slab. Variables such as elastic length 
and bending moment are all increasing as the substructure gets less stiff. A 
low stiffness of the substructure is supposed to represent a local settlement, 
where the elastic length is equal to the length of the settlement. Thus, lower 
stiffness is representing a bigger settlement of the substructure. This shows 
that if settlement would occur it could be critical to the slab. This method is 
not optimal for calculating how settlements interact with the slab but it is 
still assumed to be valid to proof how critical local settlements can be. 

Although the slab has reinforcement that controls the crack width this is not 
its main purpose. The reinforcement according to the Beton Kalender 2000 
is mainly there to control the deformation caused by temperature changes. 
This assumption was verified and supported in the calculations of the design 
example. This specifies that, with a substructure stiffness at 120 MPa, the 
design from Beton Kalender 2000 will work fine. However, if local 
settlements appear both the deformation and the crack width will increase. 
By adding reinforcement in the bottom of the slab, both the moment 
capacity and the crack width would benefit and increase the moment 
capacity of the slab. This will cause the slab to have a margin of security 
even at low stiffness of the substructure. A good solution would be to add 
reinforcement in the slab and make the demands of the substructure lower. 
Although this thesis is not looking into the economical parts but still the 
STA would most certainly gain if lowering the demands of the substructure 
and by adding reinforcement. 

All the results are pointing in the same direction. If the substructure is 
perfect and can keep the Young’s modulus as requested in the design 
standards, the slab fulfils the requirements according to the calculations. But 
still, in the slab calculation, a stiffness as low as 30 MPa will work and with 
the beam calculation a stiffness as low as 50 MPa would fulfil the 
requirements for the moment capacity and crack width of the concrete slab.  

8.2.2 Discussion of results of the comparing example 

The difference in the results, when the concrete slab is calculated as a beam 
or as a slab, is bigger than expected. Although the slab theory gives twice 
the moment capacity it can handle more than that compared to a beam. The 
reason of that is yet unclear but the differences in the elastic length/radius 
are expected to have something to do with it. The slab calculation gives a 
lateral bending moment, which the beam calculation does not. And as the 
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longitudinal bending moment is higher for the beam than the slab, it 
suggests that the slab calculation takes some load distribution into account. 

The deformation of a beam, on a substructure with high stiffness, is smaller 
compared to calculating it as a slab, as shown in Figure 23: Comparison 
between the deformation of a slab and beam on substructure stiffness 10-
120 MPa.At a low stiffness, which in this thesis is representing a local 
settlement, the deformation of a beam is greater than of a slab. On a perfect 
substructure both methods can be used, although the slab theory would be 
recommended in order to have a margin of safety, due to larger deformation. 

The STA has demanded a maximum crack width of 0.2 mm. When using the 
beam method, the beam cracks immediately, even on substructures with a 
stiffness of 120 MPa. The maximum crack width occurs at a stiffness 
between 40-50 MPa. When calculating the structure as a slab, the slab is 
considered uncracked for stiffness larger than approximately 30 MPa. 
Already at a stiffness of 20 MPa the allowed crack width is exceeded. For 
low stiffness both methods predict a greater crack width than what is 
allowed. In order to have margin of safety the beam method can be 
considered the best out of the two methods. Although for substructure with 
very low stiffness the beam differs so much from the slab method that it 
lacks of reliability. 
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9. Conclusion 
The STA are demanding a substructure stiffness of 120 MPa. Both the beam 
theory and the slab theory indicate that all demands can be achieved at lower 
stiffness than requested by the design standards. Therefore, the STA could 
consider lowering their demands on the substructure. In order to increase the 
moment capacity of the concrete slab and to avoid unfavorable crack width, 
the reinforcement could be placed on the tension side rather than in the 
middle of the structure. This would also reduce the risks induced by local 
settlements. 

The results of the thesis conclude at least two things regarding the demands 
of STA. First, if the substructure were to be as good as the Beton Kalender 
2000 states and what the STA demand, the calculations and results are 
reliable. If local settlements would occur, it could be critical for the slab and 
that gives the second conclusion: the STA demand of using the Beton 
Kalender 2000 would not be the best option. In order to handle local 
settlements, the slab must be dimensioned with bending reinforcement. 

If the STA demands are achieved the slab can be considered over 
dimensioned. Other than lowering the demands on the substructure, a 
thinner slab could also be a solution. With these conclusions, the STA 
should not dimension the slab according to Beton Kalender 2000. 
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Appendix 
Appendix 1: Calculations 



APPENDIX A
Appendix A provides the full calculation of bending moment, moment capacity, crack 
width and deformation, when a slab track is dimensioned according to the beam theory or 
according to the slab theory. Different values of E3, from 120 MPa down to 1 MPa, is 
used for the calculation, as a low value would represent a local settlement. However, the 
STA demands of the substructure is 120 MPa, thus this is the value used for the 
calcualtion in this appendix.

Rail seat loads
Parameters:

≔ER 210
≔E1 34
≔E2 10
≔E3 120
≔IR 30550000 4

≔ctot 65 ――
≔kq 1.2
≔kd 1.5
≔h1 240
≔h2 300

≔a 650
≔A 250

E i
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Equations:

≔Lel.rail =‾‾‾‾‾‾‾‾‾‾4 ――――⋅⋅⋅4 ER IR a
ctot

0.712

≔Q0 =⋅⋅kq kd ―A2 225

≔y0 =―――――⋅Q0 a
⋅⋅2 ctot Lel.rail

1.581
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Point of reference P0

≔x1 1600 ≔x2 0 ≔x3 1600 ≔x4 ⋅2 1600

≔ζ1 =――x1
Lel.rail

2.248 ≔η1 =――――――+sin ⎛⎝ζ1⎞⎠ cos ⎛⎝ζ1⎞⎠
ζ1

0.016

≔ζ2 =――x2
Lel.rail

0 ≔η2 =――――――+sin ⎛⎝ζ2⎞⎠ cos ⎛⎝ζ2⎞⎠
ζ2

1

≔ζ3 =――x3
Lel.rail

2.248 ≔η3 =――――――+sin ⎛⎝ζ3⎞⎠ cos ⎛⎝ζ3⎞⎠
ζ3

0.016

≔ζ4 =――x4
Lel.rail

4.496 ≔η4 =――――――+sin ⎛⎝ζ4⎞⎠ cos ⎛⎝ζ4⎞⎠
ζ4

−0.013

≔ηtot =+++η1 η2 η3 η4 1.019

≔P0 =⋅⋅ctot y0 ηtot 104.689
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Point of reference P1

≔x1 −1600 650 ≔x2 650 ≔x3 +1600 650
≔x4 +⋅2 1600 650

≔ζ1 =――x1
Lel.rail

1.335 ≔η1 =――――――+sin ⎛⎝ζ1⎞⎠ cos ⎛⎝ζ1⎞⎠
ζ1

0.317

≔ζ2 =――x2
Lel.rail

0.913 ≔η2 =――――――+sin ⎛⎝ζ2⎞⎠ cos ⎛⎝ζ2⎞⎠
ζ2

0.563

≔ζ3 =――x3
Lel.rail

3.161 ≔η3 =――――――+sin ⎛⎝ζ3⎞⎠ cos ⎛⎝ζ3⎞⎠
ζ3

−0.043

≔ζ4 =――x4
Lel.rail

5.409 ≔η4 =――――――+sin ⎛⎝ζ4⎞⎠ cos ⎛⎝ζ4⎞⎠
ζ4

⋅−5.595 10−4

≔ηtot =+++η1 η2 η3 η4 0.836
Rail seat load P1 due to wheel loads:

≔P1 =⋅⋅ctot y0 ηtot 85.943
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Point of reference P2

≔x1 −1600 ⋅2 650 ≔x2 ⋅2 650 ≔x3 +1600 ⋅2 650
≔x4 +⋅2 1600 ⋅2 650

≔ζ1 =――x1
Lel.rail

0.422 ≔η1 =――――――+sin ⎛⎝ζ1⎞⎠ cos ⎛⎝ζ1⎞⎠
ζ1

0.867

≔ζ2 =――x2
Lel.rail

1.827 ≔η2 =――――――+sin ⎛⎝ζ2⎞⎠ cos ⎛⎝ζ2⎞⎠
ζ2

0.115

≔ζ3 =――x3
Lel.rail

4.075 ≔η3 =――――――+sin ⎛⎝ζ3⎞⎠ cos ⎛⎝ζ3⎞⎠
ζ3

−0.024

≔ζ4 =――x4
Lel.rail

6.323 ≔η4 =――――――+sin ⎛⎝ζ4⎞⎠ cos ⎛⎝ζ4⎞⎠
ζ4

0.002

≔ηtot =+++η1 η2 η3 η4 0.96
Rail seat load P2 due to wheel loads:

≔P2 =⋅⋅ctot y0 ηtot 98.648
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Point of reference P3

≔x1 −⋅3 650 1600 ≔x2 ⋅3 650 ≔x3 +1600 ⋅3 650
≔x4 +⋅2 1600 ⋅3 650

≔ζ1 =――x1
Lel.rail

0.492 ≔η1 =――――――+sin ⎛⎝ζ1⎞⎠ cos ⎛⎝ζ1⎞⎠
ζ1

0.828

≔ζ2 =――x2
Lel.rail

2.74 ≔η2 =――――――+sin ⎛⎝ζ2⎞⎠ cos ⎛⎝ζ2⎞⎠
ζ2

−0.034

≔ζ3 =――x3
Lel.rail

4.988 ≔η3 =――――――+sin ⎛⎝ζ3⎞⎠ cos ⎛⎝ζ3⎞⎠
ζ3

−0.005

≔ζ4 =――x4
Lel.rail

7.236 ≔η4 =――――――+sin ⎛⎝ζ4⎞⎠ cos ⎛⎝ζ4⎞⎠
ζ4

0.001

≔ηtot =+++η1 η2 η3 η4 0.79
Rail seat load P3 due to wheel loads:

≔P3 =⋅⋅ctot y0 ηtot 81.161
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Point of reference P4

≔x1 +650 1600 ≔x2 650 ≔x3 −1600 650
≔x4 −⋅2 1600 650

≔ζ1 =――x1
Lel.rail

3.161 ≔η1 =――――――+sin ⎛⎝ζ1⎞⎠ cos ⎛⎝ζ1⎞⎠
ζ1

−0.043

≔ζ2 =――x2
Lel.rail

0.913 ≔η2 =――――――+sin ⎛⎝ζ2⎞⎠ cos ⎛⎝ζ2⎞⎠
ζ2

0.563

≔ζ3 =――x3
Lel.rail

1.335 ≔η3 =――――――+sin ⎛⎝ζ3⎞⎠ cos ⎛⎝ζ3⎞⎠
ζ3

0.317

≔ζ4 =――x4
Lel.rail

3.583 ≔η4 =――――――+sin ⎛⎝ζ4⎞⎠ cos ⎛⎝ζ4⎞⎠
ζ4

−0.037

≔ηtot =+++η1 η2 η3 η4 0.8
Rail seat load P4 due to wheel loads:

≔P4 =⋅⋅ctot y0 ηtot 82.198
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Point of reference P5

≔x1 +⋅2 650 1600 ≔x2 ⋅2 650 ≔x3 −1600 ⋅2 650
≔x4 −⋅2 1600 ⋅2 650

≔ζ1 =――x1
Lel.rail

4.075 ≔η1 =――――――+sin ⎛⎝ζ1⎞⎠ cos ⎛⎝ζ1⎞⎠
ζ1

−0.024

≔ζ2 =――x2
Lel.rail

1.827 ≔η2 =――――――+sin ⎛⎝ζ2⎞⎠ cos ⎛⎝ζ2⎞⎠
ζ2

0.115

≔ζ3 =――x3
Lel.rail

0.422 ≔η3 =――――――+sin ⎛⎝ζ3⎞⎠ cos ⎛⎝ζ3⎞⎠
ζ3

0.867

≔ζ4 =――x4
Lel.rail

2.67 ≔η4 =――――――+sin ⎛⎝ζ4⎞⎠ cos ⎛⎝ζ4⎞⎠
ζ4

−0.03

≔ηtot =+++η1 η2 η3 η4 0.928
Rail seat load P5 due to wheel loads:

≔P5 =⋅⋅ctot y0 ηtot 95.354
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Point of reference P6

≔x1 +⋅3 650 1600 ≔x2 ⋅3 650 ≔x3 −⋅3 650 1600
≔x4 −⋅2 1600 ⋅3 650

≔ζ1 =――x1
Lel.rail

4.988 ≔η1 =――――――+sin ⎛⎝ζ1⎞⎠ cos ⎛⎝ζ1⎞⎠
ζ1

−0.005

≔ζ2 =――x2
Lel.rail

2.74 ≔η2 =――――――+sin ⎛⎝ζ2⎞⎠ cos ⎛⎝ζ2⎞⎠
ζ2

−0.034

≔ζ3 =――x3
Lel.rail

0.492 ≔η3 =――――――+sin ⎛⎝ζ3⎞⎠ cos ⎛⎝ζ3⎞⎠
ζ3

0.828

≔ζ4 =――x4
Lel.rail

1.756 ≔η4 =――――――+sin ⎛⎝ζ4⎞⎠ cos ⎛⎝ζ4⎞⎠
ζ4

0.138

≔ηtot =+++η1 η2 η3 η4 0.927
Rail seat load P6 due to wheel loads:

≔P6 =⋅⋅ctot y0 ηtot 95.225
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Longitudinal and lateral bending moment based on slab theory

Parameters:

=P0 104.689
≔μ1 0.16
=E1 34

≔c1 0.83
≔c2 0.83

Equations:

≔hII =‾‾‾‾‾‾‾‾‾‾‾‾‾‾3 ――――――+⋅E1 h13 ⋅E2 h23

E1
279.203

r < ⋅1.724 hII when ≔ALs 22500 2 -> ≔r =‾‾‾‾――ALs 84.628
≔b =−‾‾‾‾‾‾‾‾‾‾+⋅1.6 r2 hII2 ⋅0.675 hII 110.559

≔h' =+⋅⋅c1 h1
‾‾‾3 ―E1
E3

⋅⋅c2 h2
‾‾‾3 ―E2
E3

2.396

≔k =―E3
h' 0.05 ――3

≔Mslab.0.II =⋅⋅⋅―――⋅0.275 P0
6 ⎛⎝ +1 μ1⎞⎠

⎛⎜⎜⎝ −log ⎛⎜⎜⎝―――⋅E1 hII3

⋅k b4
⎞⎟⎟⎠ 0.436⎞⎟⎟⎠ 25.376 ⋅

≔Lel.slab =‾‾‾‾‾‾‾‾‾‾‾‾4 ―――――⎛⎝ ⋅E1 hII3 ⎞⎠
⋅⋅12 ⎛⎝ −1 μ12 ⎞⎠ k 1060.242
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≔x1 650
≔x2 1300
≔x3 1950

≔s 1500
≔x0' =s 1500

≔β1' =atan ⎛⎜⎝―sa
⎞⎟⎠ 1.162 -> ≔x1' =―――a

cos ⎛⎝β1'⎞⎠ 1634.778

≔β2' =atan ⎛⎜⎝――s
⋅2 a

⎞⎟⎠ 0.857 -> ≔x2' =―――2 a
cos ⎛⎝β2'⎞⎠ 1984.943

≔β3' =atan ⎛⎜⎝――s
⋅3 a

⎞⎟⎠ 0.656 -> ≔x3' =―――3 a
cos ⎛⎝β3'⎞⎠ 2460.183

≔P0' =P0 104.689
≔P1' =P1 85.943
≔P2' =P2 98.648
≔P3' =P3 81.161

Lateral bending moment:

P1: 0.2 < =―――x1
Lel.slab

0.613 < 2.5  OK

≔λr.1 =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠
4

0.037

≔Mlat.1 =⋅⋅λr.1 P1 3.182 ⋅
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P2: 0.2 < =―――x2
Lel.slab

1.226 < 2.5  OK

≔λr.2 =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠
4

−0.012

≔Mlat.2 =⋅⋅λr.2 P2 −1.161 ⋅

P3: 0.2 < =―――x3
Lel.slab

1.839 < 2.5  OK

≔λr.3 =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠
4

−0.021

≔Mlat.3 =⋅⋅λr.3 P3 −1.696 ⋅

P0': 0.2 < =―――x0'
Lel.slab

1.415 < 2.5 OK

≔λt.0' =+−+−0.244 ⋅0.335 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠
4

0.032

≔Mlat.0' =⋅⋅λt.0' P0' 3.398 ⋅

P1': 0.2 < =―――x1'
Lel.slab

1.542 < 2.5  OK

≔λr.1' =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
4

−0.02

≔λt.1' =+−+−0.244 ⋅0.335 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
4

0.029

≔Mlat.1' =+⋅⋅λr.1' P1' ⋅0.5 ⎛⎝ −⋅λt.1' P1' ⋅λr.1' P1'⎞⎠ ⎛⎝ −1 cos ⎛⎝ ⋅2 β1'⎞⎠⎞⎠ 1.839 ⋅
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P2': 0.2 < =―――x2'
Lel.slab

1.872 < 2.5  OK

≔λr.2' =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
4

−0.021

≔λt.2' =+−+−0.244 ⋅0.335 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
4

0.026

≔Mlat.2' =+⋅⋅λr.2' P2' ⋅⋅0.5 ⎛⎝ −⋅λt.2' P1' ⋅λr.2' P2'⎞⎠ ⎛⎝ −1 cos ⎛⎝ ⋅2 β2'⎞⎠⎞⎠ 0.383 ⋅

P3': 0.2 < =―――x3'
Lel.slab

2.32 < 2.5  OK

≔λr.3' =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
4

−0.016

≔λt.3' =+−+−0.244 ⋅0.335 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
4

0.03

≔Mlat.3' =+⋅⋅λr.3' P3' ⋅⋅0.5 ⎛⎝ −⋅λt.3' P3' ⋅λr.3' P3'⎞⎠ ⎛⎝ −1 cos ⎛⎝ ⋅2 β3'⎞⎠⎞⎠ 0.052 ⋅

≔Mslab.lat.neigh =++⋅2 ⎛⎝ ++Mlat.1 Mlat.2 Mlat.3⎞⎠ Mlat.0' ⋅2 ⎛⎝ ++Mlat.1' Mlat.2' Mlat.3'⎞⎠ 8.596 ⋅

≔Mslab.lat.II =+Mslab.0.II Mslab.lat.neigh 33.972 ⋅
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Longitudinal bending moment:

P1: 0.2 < =―――x1
Lel.slab

0.613 < 2.5  OK

≔λt.1 =+−+−0.244 ⋅0.335 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠
4

0.099

≔Mlong.1 =⋅⋅λt.1 P1 8.534 ⋅

P2: 0.2 < =―――x2
Lel.slab

1.226 < 2.5  OK

≔λt.2 =+−+−0.244 ⋅0.335 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠
4

0.04

≔Mlong.2 =⋅⋅λt.2 P2 3.966 ⋅

P3: 0.2 < =―――x3
Lel.slab

1.839 < 2.5  OK

≔λt.3 =+−+−0.244 ⋅0.335 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠
4

0.026

≔Mlong.3 =⋅⋅λt.3 P3 2.092 ⋅

P0': 0.2 < =―――x0'
Lel.slab

1.415 < 2.5 OK

≔λr.0' =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠
4

−0.017

≔Mlong.0' =⋅⋅λr.0' P0' −1.829 ⋅
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P1': 0.2 < =―――x1'
Lel.slab

1.542 < 2.5  OK

≔λr.1' =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
4

−0.02

=＝λt.1' +−+−0.244 ⋅0.335 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
4

1

≔Mlong.1' =+⋅⋅λr.1' P1' ⋅⋅0.5 ⎛⎝ −⋅λt.1' P1' ⋅λr.1' P1'⎞⎠ ⎛⎝ +1 cos ⎛⎝ ⋅2 β1'⎞⎠⎞⎠ −1.026 ⋅

P2': 0.2 < =―――x2'
Lel.slab

1.872 < 2.5  OK

≔λr.2' =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
4

−0.021

=＝λt.2' +−+−0.244 ⋅0.335 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
4

1

≔Mlong.2' =+⋅⋅λr.2' P2' ⋅⋅0.5 ⎛⎝ −⋅λt.2' P1' ⋅λr.2' P2'⎞⎠ ⎛⎝ +1 cos ⎛⎝ ⋅2 β2'⎞⎠⎞⎠ −0.223 ⋅

P3': 0.2 < =―――x3'
Lel.slab

2.32 < 2.5  OK

≔λr.3' =+−+−0.160 ⋅0.284 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠ ⋅0.157 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
2

⋅0.036 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
3

⋅0.003 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
4

−0.016

=＝λt.3' +−+−0.244 ⋅0.335 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠ ⋅0.189 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
2

⋅0.048 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
3

⋅0.005 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
4

1

≔Mlong.3' =+⋅⋅λr.3' P3' ⋅⋅0.5 ⎛⎝ −⋅λt.3' P3' ⋅λr.3' P3'⎞⎠ ⎛⎝ +1 cos ⎛⎝ ⋅2 β3'⎞⎠⎞⎠ 1.01 ⋅

≔Mslab.long.neigh =++⋅2 ⎛⎝ ++Mlong.1 Mlong.2 Mlong.3⎞⎠ Mlong.0' ⋅2 ⎛⎝ ++Mlong.1' Mlong.2' Mlong.3'⎞⎠ 26.878 ⋅

≔Mslab.long.II =+Mslab.0.II Mslab.long.neigh 52.254 ⋅
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Calculation of bending moment based on beam theory

＝Mbeam.long.II +Mbeam.0.II Mbeam.long.neigh

Parameters:

＝hII 279 mm
＝E1 34 GPa

＝k 0.05 ――N
mm3

＝P0 104.689 kN
＝a 650 mm

Equations:

≔bB =――――3200
2 1600

≔IB =―――⋅bB hII3

12 0.003 4

≔Lel.beam =‾‾‾‾‾‾‾‾4 ―――⋅⋅4 E1 IB
⋅bB k 1489.718

≔Mbeam.0.II =――――⋅P0 Lel.beam
4 38.989 ⋅

＝x1 a ＝x2 ⋅2 a ＝x3 ⋅3 a

≔ζ1 =―――x1
Lel.beam

0.436 ≔μ1 =――――――+−sin ⎛⎝ζ1⎞⎠ cos ⎛⎝ζ1⎞⎠
ζ1

0.313

≔ζ2 =―――x2
Lel.beam

0.873 ≔μ2 =――――――+−sin ⎛⎝ζ2⎞⎠ cos ⎛⎝ζ2⎞⎠
ζ2

−0.051

≔ζ3 =―――x3
Lel.beam

1.309 ≔μ3 =――――――+−sin ⎛⎝ζ3⎞⎠ cos ⎛⎝ζ3⎞⎠
ζ3

−0.191
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＝Mbeam.long.neigh ⋅――Lel
4 ∑ ⎛⎝ ⋅Pj μj⎞⎠

Where only positive shall be taken into account μ
≔Mbeam.long.neigh =⋅―――Lel.beam

4 2 ⎛⎝ ⋅P1 μ1⎞⎠ 20.016 ⋅

≔Mbeam.long.II =+Mbeam.0.II Mbeam.long.neigh 59.005 ⋅
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Controlling if cracks in the concrete appear

Slab in longitudinal direction

＝≤σct fct.fl ⋅k fctk0.05

Parameters:

=h1 240
≔b 3200
≔k =−1.6 ――――h1

1000 1.36
≔fctk0.05 2.2

Equations:

≔fct.fl =⋅k fctk0.05 2.992

≔II =――⋅b h13

12 0.004 4

≔σct =⋅――――Mslab.long.II
II

―h1
2 1.701

Does not crack: =σct 1.701 > =fct.fl 2.992
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Slab in lateral direction

＝≤σct fct.fl ⋅k fctk0.05

Parameters:

=h1 240
≔b 5160

≔k =−1.6 ――――h1
1000 1.36

≔fctk0.05 2.2

Equations:

≔fct.fl =⋅k fctk0.05 2.992

≔II =――⋅b h13

12 0.006 4

≔σct =⋅――――Mslab.lat.II
II

―h1
2 0.686

Does not crack: =σct 0.686 < =fct.fl 2.992
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Beam in longitudinal direction

＝≤σct fct.fl ⋅k fctk0.05

Parameters:

=h1 240
≔b 1600
≔k =−1.6 ――――h1

1000 1.36
≔fctk0.05 2.2

Equations:

≔fct.fl =⋅k fctk0.05 2.992

≔II =――⋅b h13

12 0.002 4

≔σct =⋅――――Mbeam.long.II
II

―h1
2 3.841

Does crack: =σct 3.841 > =fct.fl 2.992
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Bending moment capacity

Slab

Parameters:

≔bslab 3200
=h1 240

≔n 21 ≔ϕ 20
≔cmin 20 ≔∆cdev 10 ≔cnom 30

≔d1 =―h1
2 0.12

≔fck 35 ≔αcc 1 ≔γc 1.5
≔fcd =⋅――fck

γc
αcc 23.333

≔As.slab =⋅⋅⎛⎜⎝―ϕ2
⎞⎟⎠

2 21 0.007 2 ≔As As.slab

≔fyk 500 ≔α 0.81 ≔β 0.416 ≔γs 1.15
≔fyd =――fyk

γs
434.783

≔Es 200
≔εsy =――fyd

Es
0.002 ≔εcu ⋅3.5 10−3

Assuming that the reinforcement is floating:

＝Fs ⋅As.slab fyd

＝Fc ⋅⋅⋅α fcd bslab x
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Horisontal balance
＝−Fc Fs 0

≔xslab =――――⋅As.slab fyd
⋅⋅α fcd bslab

47.427

Controling that the reinforcement is floating

≔εs1 =⋅―――−d1 xslab
xslab

εcu 0.005> =εsy 0.002

Calculating the momentcapacity

＝−MEd ⋅Fc z 0 ≔z −d1 ⋅β xslab

≔MEd.slab =⋅⋅⋅⋅α fcd bslab xslab z 287.616 ⋅
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Beam

Parameters:

≔bbeam ――3200
2

=h1 240
≔nbeam ―21

2 ≔ϕ 20
≔cmin 20 ≔∆cdev 10 ≔cnom 30

≔d1 =―h1
2 0.12

≔fck 35 ≔αcc 1 ≔γc 1.5
≔fcd =⋅――fck

γc
αcc 23.333

≔As.beam =⋅⋅⎛⎜⎝―ϕ2
⎞⎟⎠

2 nbeam 0.003 2

≔fyk 500 ≔α 0.81 ≔β 0.416 ≔γs 1.15
≔fyd =――fyk

γs
434.783

≔Es 200
≔εsy =――fyd

Es
0.002 ≔εcu ⋅3.5 10−3

Assuming that the reinforcement is floating:
＝Fs ⋅As.beam fyd

＝Fc ⋅⋅⋅α fcd bbeam x

Non-Commercial Use Only

Filip Hahrs, Jesper Malmberg & Marcus Mohlén

Page 23 of 32



Horisontal balance:
＝−Fc Fs 0

≔xbeam =――――⋅As.beam fyd
⋅⋅α fcd bbeam

47.427

Controling that the reinforcement is floating:

≔εs1.beam =⋅――――−d1 xbeam
xbeam

εcu 0.005 > =εsy 0.002

Calculating the momentcapacity:

＝−MEd.beam ⋅Fc z 0 ≔z −d1 ⋅β xbeam

≔MEd.beam =⋅⋅⋅⋅α fcd bbeam xbeam z 143.808 ⋅
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Crack width

Slab

Parameters:

=h1 240
=d1 120

≔hc.ef =min ⎛⎜⎝ ,,⋅2.5 ⎛⎝ −h1 d1⎞⎠ ―――−h1 xslab
3 ―h1

2
⎞⎟⎠ 64.191

≔c =−−h1 d1 ―ϕ2 0.11
≔cdistance 152.3

=⋅5 ⎛⎜⎝ +c ―ϕ2
⎞⎟⎠ 0.6 > =cdistance 0.152 OK

≔k1 0.8
≔k2 0.5
≔k3 3.4
≔k4 0.425
≔kt 0.6

≔Aef =⋅hc.ef bslab 0.205 2

≔ρp.ef =――As.slab
Aef

0.032
≔fctm 3.2

=Es 200
≔Ecm 34

≔α =――Es
Ecm

5.882
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=Mslab.long.II 52.254 ⋅

≔σs =――――――Mslab.long.II

⋅As.slab
⎛⎜⎝ −d1 ――xslab

3
⎞⎟⎠

76.019

≔Sr.max =+⋅k3 c ⋅⋅⋅k1 k2 k4 ――ϕ
ρp.ef

0.48

≔∆εm =―――――――――
−σs ⋅⋅kt ――fctm

ρp.ef
⎛⎝ +1 ⋅α ρp.ef⎞⎠

Es
0.000025 > =⋅0.6 ―σs

Es
0.000228

≔∆εm ⋅0.6 ―σs
Es

≔wk =⋅Sr.max ∆εm 0.109
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Crack width

Beam

Parameters

=h1 240
=d1 120

≔hc.ef =min ⎛⎜⎝ ,,⋅2.5 ⎛⎝ −h1 d1⎞⎠ ――――−h1 xbeam
3 ―h1

2
⎞⎟⎠ 64.191

≔c =−−h1 d1 ―ϕ2 0.11
≔cdistance 152.3

=⋅5 ⎛⎜⎝ +c ―ϕ2
⎞⎟⎠ 0.6 > =cdistance 0.152 OK

≔k1 0.8
≔k2 0.5
≔k3 3.4
≔k4 0.425

≔kt 0.6
≔Aef =⋅hc.ef bbeam 0.103 2

≔ρp.ef =――As
Aef

0.064
≔fctm 3.2

=Es 200
≔Ecm 34

≔α =――Es
Ecm

5.882
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=Mbeam.long.II 59.005 ⋅
≔σs =―――――Mbeam.long.II

⋅As
⎛⎜⎝ −d1 ――xbeam

3
⎞⎟⎠

85.84

≔Sr.max =+⋅k3 c ⋅⋅⋅k1 k2 k4 ――ϕ
ρp.ef

0.427

≔∆εm =―――――――――
−σs ⋅⋅kt ――fctm

ρp.ef
⎛⎝ +1 ⋅α ρp.ef⎞⎠

Es
⋅2.233 10−4 > =⋅0.6 ―σs

Es
⋅2.575 10−4

≔∆εm ⋅0.6 ―σs
Es

≔wk =⋅Sr.max ∆εm 0.11
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Deformation of the slab if calculated based on beam theory

≔b 1600 =Lel.beam 1.49 =h1 240

≔II =――⋅b h13

12 0.002 4

≔Mbeam.long.II ⋅1.11
TEST punktlast

≔P =――――――⎛⎝ ⋅Mbeam.long.II 4⎞⎠
Lel.beam

2.98 ≔vmax =―――――⎛⎝ ⋅P Lel.beam3 ⎞⎠
⋅⋅48 E1 II

0.003
TEST utbredd last

≔Q =―――――⋅Mbeam.long.II 8
Lel.beam2 4.001 ―― ≔vmax.2 =―――――⋅⋅5 Q Lel.beam4

⋅⋅384 E1 II
0.004
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Deformation of the slab if calculated based on slab theory

=E1 34
≔E2 10
=h1 240
≔h2 300

≔hII =‾‾‾‾‾‾‾‾‾‾‾‾‾‾3 ――――――+⋅E1 h13 ⋅E2 h23

E1
0.279

=hII 279.203
≔E3 120

≔h' =+⋅⋅c1 h1
‾‾‾3 ―E1
E3

⋅⋅c2 h2
‾‾‾3 ―E2
E3

2.396

≔k =―E3
h' 0.05 ――3

≔μ1 0.16

≔Lel.slab =‾‾‾‾‾‾‾‾‾‾‾‾4 ―――――⎛⎝ ⋅E1 hII3 ⎞⎠
⋅⋅12 ⎛⎝ −1 μ12 ⎞⎠ k 1060.242

≔x1 650
≔x2 1300
≔x3 1950

≔s 1500
≔x0' =s 1500
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≔β1' =atan ⎛⎜⎝―sa
⎞⎟⎠ 1.162 -> ≔x1' =―――a

cos ⎛⎝β1'⎞⎠ 1634.778

≔β2' =atan ⎛⎜⎝――s
⋅2 a

⎞⎟⎠ 0.857 -> ≔x2' =―――2 a
cos ⎛⎝β2'⎞⎠ 1984.943

≔β3' =atan ⎛⎜⎝――s
⋅3 a

⎞⎟⎠ 0.656 -> ≔x3' =―――3 a
cos ⎛⎝β3'⎞⎠ 2460.183

≔S0 =P0 104.689

S1: 0.2 < =―――x1
Lel.slab

0.613 < 2.5  OK

≔β1 =−+−−0.1269 ⋅0.0331 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠ ⋅0.0241 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠
2

⋅0.0109 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠
3

⋅0.0012 ⎛⎜⎝―――x1
Lel.slab

⎞⎟⎠
4

0.1

≔S1 =⋅β1 P1 8.585

S2: 0.2 < =―――x2
Lel.slab

1.226 < 2.5  OK

≔β2 =−+−−0.1269 ⋅0.0331 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠ ⋅0.0241 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠
2

⋅0.0109 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠
3

⋅0.0012 ⎛⎜⎝―――x2
Lel.slab

⎞⎟⎠
4

0.067

≔S2 =⋅β2 P2 6.655

S3: 0.2 < =―――x3
Lel.slab

1.839 < 2.5  OK

≔β3 =−+−−0.1269 ⋅0.0331 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠ ⋅0.0241 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠
2

⋅0.0109 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠
3

⋅0.0012 ⎛⎜⎝―――x3
Lel.slab

⎞⎟⎠
4

0.039

≔S3 =⋅β3 P3 3.131
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S0': 0.2 < =―――x0'
Lel.slab

1.415 < 2.5 OK

≔β0' =−+−−0.1269 ⋅0.0331 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠ ⋅0.0241 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠
2

⋅0.0109 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠
3

⋅0.0012 ⎛⎜⎝―――x0'
Lel.slab

⎞⎟⎠
4

0.058

≔S0' =⋅β0' P0' 6.061

S1': 0.2 < =―――x1'
Lel.slab

1.542 < 2.5  OK

≔β1' =−+−−0.1269 ⋅0.0331 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠ ⋅0.0241 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
2

⋅0.0109 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
3

⋅0.0012 ⎛⎜⎝―――x1'
Lel.slab

⎞⎟⎠
4

0.052

≔S1' =⋅β1' P1' 4.447

S2': 0.2 < =―――x2'
Lel.slab

1.872 < 2.5  OK

≔β2' =−+−−0.1269 ⋅0.0331 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠ ⋅0.0241 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
2

⋅0.0109 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
3

⋅0.0012 ⎛⎜⎝―――x2'
Lel.slab

⎞⎟⎠
4

0.037

≔S2' =⋅β2' P2' 3.674

S3': 0.2 < =―――x3'
Lel.slab

2.32 < 2.5  OK

≔β3' =−+−−0.1269 ⋅0.0331 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠ ⋅0.0241 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
2

⋅0.0109 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
3

⋅0.0012 ⎛⎜⎝―――x3'
Lel.slab

⎞⎟⎠
4

0.022

≔S3' =⋅β3' P3' 1.763

≔Stot =++⋅2 ⎛⎝ ++S1 S2 S3⎞⎠ S0 ⋅2 ⎛⎝ ++S1' S2' S3'⎞⎠ 161.201

≔y =――――Stot
⋅⋅8 k Lel.slab2 0.358
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