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Summary
To feed a growing world population the dairy sector has to expand. There is already a
big problem with lameness among cows which will increase with a growing
population. Many studies indicate a connection between the walking surface and the
extent of lameness found among the cattle. To counteract this problem a draining
floor is preferable to promote the cow´s health.
The company Abetong, Heidelberg Cement Group has manufactured pre-stressed
slatted floors for about thirty years and the product is well used and appreciated. The
actual service time is unknown since very few complaints and returns have been
received, therefore the need of this bachelor thesis.
This study will be performed on pre-stressed slatted floors from different ages with
the oldest from 1989 and the newest from 2015. Through a four-point bending test
the goal is to evaluate the mechanical differences in time, in order to see if the old
slatted floors have lost their mechanical capacity. To see how much the slatted floors
have been affected by their actual environment the carbonation depth will be
examined and if a corrosion process has begun. Additional calculations will be made
to investigate the mechanical differences between pre-stressed and reinforced slatted
floors, and further compare these with the actual result from the four-point bending
test.
The practical test showed that there were no mechanical differences between the
slatted floors that had been in use for a certain amount of time and the newly
produced ones. Some corrosion could be observed but it was not due to the
carbonation depth.
The final conclusion is that the slabs will hold for a minimum of thirty years and
most likely for many years to come.
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Sammanfattning
För att tillfredsställa en växande världsbefolkning måste mejerisektorn expandera.
Det finns redan stora problem med hälta bland kor som kommer att öka med den
växande populationen. Många studier påvisar ett samband mellan gångytan och
utsträckningen av hälta bland kor. För att motverka detta problem och främja kornas
hälsa är ett dränerande golv att föredra.
Företaget Abetong, Heidelberg Cement Group, har tillverkat förspända spaltstavar i
ca trettio år och produkten är välanvänd och uppskattad. Den verkliga livslängden är
ännu okänd på grund av att väldigt få klagomål och byten har tagits emot.
Denna studien kommer att utföras på förspända spaltstavar från olika åldrar med de
äldsta från 1989 och de nyaste från 2015. Genom fyrpunktsbelastning är målet att
utvärdera den mekaniska skillnaden i tid och på så sätt fastställa om de äldsta
spaltstavarna har förlorat sin mekaniska kapacitet. För att se hur mycket spaltgolven
har blivit påverkade av sin miljö kommer karbonatiseringsdjup att studeras samt om
en korroderingsprocess har börjat. Ytterligare beräkningar kommer att göras för att
undersöka de mekaniska skillnaderna mellan förspända och slakarmerade spaltstavar
för att sedan kunna jämföra dessa med det verkliga resultatet från
fyrpunktbelastningen.
De praktiska testerna visade att det inte fanns några mekaniska skillnader mellan
spaltstavarna som varit i bruk under en viss tid och de nyproducerade spalterna. Viss
korrosion kunde observeras men det berodde inte på karbonatiseringen.
Slutsatsen är att spaltstavarna kommer att hålla i minst trettio år men förmodligen i
många år därtill.
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Abstract
This study investigates the mechanical differences between old and newly produced
slatted floors through a four-point bending test. To understand to what extent the
actual environment has affected the slatted floors, the carbonation depth and
corrosion will be examined.
The tests showed no mechanical differences between slatted floors which had been in
service for a certain amount of years and newly produces ones. Corrosion could be
observed on some of the samples but it was not because of the carbonation process.
When comparing the calculations of reinforced and pre-stressed concrete slatted
floors, the result showed that the pre-stressed floor could carry up to double the load
of what the reinforced slatted floor could.
The conclusion of this study is, that the pre-stressed slatted floors will certainly hold
for at least thirty years and will most likely hold for many years to come.
Key words: Pre-stressed concrete, Reinforced concrete, Concrete slatted floors, Four
point bending test, Aramis, Carbonation depth, Corrosion, Lifetime analysis,
Eurocode
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1. Introduction
The dairy sector faces a big challenge in the coming decades to feed a
growing world population (Huxley 2013). In order to produce what is
required the cattle population has to increase. There is already a wide
problem of lameness among cows that will only become worse with a bigger
cattle population.
A study made by Fjeldaas, Sogstad & Østerås (2011) shows that cows with
lameness symptoms leapt a greater risk of becoming worse while standing
on solid concrete floors than on slatted concrete floors. It also shows that a
rubber mat as top layer is even more preferable.
Lameness is a common occurring disease among cattle (Huxley 2013). The
condition is caused by a wide range of diseases such as sole ulcers that has a
negative impact on the cows’ health. There is strong evidence of a
connection between high producing animals and lameness. Milk yielding
cows who suffer of lameness will have a decreased milk production, lower
fertility and are more likely to be premature culled. This leads to higher total
production costs caused by various treatments, expenses associated with
culling, costs of discarded milk and additional management time.
In overall lameness has a big negative impact on welfare, economy, health
and production. According to Kremer, Nueske, Scholz & Foerster (2007)
there is a strong correlation between flooring conditions and lameness. This
has to be addressed to enable an increased and sustainable production in the
future.

1.1 Background
According to both Fjeldaas et. al. (2011) and Vanegas, Overton, Berry &
Sischo (2006) bad stall hygiene with floors covered in manure and urine, has
a bad impact on cows’ claw and skin health. If the claws are exposed to a
wet and dirty floor for a longer time eventually the claws will get damaged
by various infections and even hoof root (Albu-Mohammed 2012).
Therefore, a draining floor that lets through the manure and urine is a very
important factor for the cows’ health.
A product that is commonly used for this purpose are slatted concrete floors.
By combining the slatted concrete floors with a rubber mat, these will
provide a standing and walking surface that is both dry and soft.
The company Abetong, Heidelberg Cement Group, in Växjö, Sweden, has
manufactured pre-stressed slatted floors for about thirty years (Hultinsson1).
The product is well-used and appreciated among the farmers. There have
1
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been few complaints and the demand for new produced slatted floors to
replace the old ones have not yet started. This indicates a longer service time
than the twenty years the floor is theoretically designed for. Theoretical and
experimental investigations of pre-stressed slatted floors will help in
understanding their capacity when exposed to this kind of environment.

1.2 Aim and purpose
The main aim of this investigation is to evaluate the remaining mechanical
capacity of pre-stressed slatted floors being exposed to their natural
environment during a certain amount of years. Furthermore, the aim is to
prove that the slatted floors that have been in use for several years are as
good as the newly manufactured.
One of the purposes is to investigate experimentally the mechanical
difference of newly produced pre-stressed slatted floors with slatted floors
exposed in their natural environment for 27 years.
Another purpose is to theoretically investigate the mechanical difference
between pre-stressed and normally reinforced concrete slatted floors in
which calculations used in the domestic and international standards also are
considered.
The outermost important purpose is to produce test results which can be
used to promote a CE-marking of the slatted floors produced by Abetong,
Heidelberg Cement Group.

1.3 Limitations
The survey is limited to testing a total of eighteen pre-stressed slatted floors
from the years 1989, 1992, 1999, 2006 and newly manufactured from 2015.
Three slabs from each year will be studied, except 2015 comes with six slabs
of two different lengths. The shortest length is taken in account for when
performing the study. The slabs that have been in service come from cow
stables situated in Alvesta and Skogsryd, Sweden.
The calculations are made in ultimate and service limit state and the cross
sectional area is simplified to a rectangular shape. When designing the prestressed concrete slatted floors, the calculations are generalized and assumed
to be linear elastic.
Since the study only comprises of one concrete product the results will be
strongly affected by the slatted floors’ concrete composition and for how
long they have been exposed to their environment. The study does not take
the specific surrounding environment for each slatted floor in account,
instead all the slabs are assumed to have operated in identical environments.
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2. Theory
In around 150 B.C the Etruscans molded the first concrete mixture
containing coarser and finer gravel (Engström 2008). Later the technique
was improved by the Romans where lime and volcanic ashes were used
among the ingredients. Several of the concrete structures made by the
Romans during 100 B.C to 400 A.D, still stands to this day such as the
Pantheon dome in Rome built in between 115-125 A.D. The Pantheon has a
length span of 44 meters and stood as the most advanced concrete dome for
1796 years. In 1911 a dome was built in Breslau, Poland exceeding the
Pantheon with a 65 meter length span. This was possible due to the new
technique of reinforcing the concrete.
Reinforced concrete was invented in the middle of the 19th century and
spread quickly around the world. The first person to demonstrate the
identical temperature elongation for both steel and concrete was the
American Thaddeus Hyatt.
From this point on concrete constructions have only become more and more
advanced, with new reinforcement methods such as pre-tensioned
reinforcement and fiberglass.

2.1 Concrete
Among nowadays existing building materials concrete is one of the most
prominently used worldwide, consuming around twenty-five billion tons of
concrete each year (Singh, Nagar, Agrawal, Rana & Tiwari 2016). Concrete
is a mixture of cement, aggregates and water (Engström 2008). By adding
different admixtures, the characteristics of the concrete can be substantially
modified. In regular concrete the binder consists of cement paste and
aggregates of different stone and sand fraction sizes.
One of the most dominant features of hardened concrete is that the tensile
strength is much smaller than the compressive strength. Normally the tensile
strength in plain concrete is about ten times smaller than the compressive
strength. When the construction is exposed to mechanical loads the tensile
stresses can lead the construction to crack. In order to improve the
performance in tension almost all concrete constructions use some kind of
reinforcement. Concrete structures can be divided into plain concrete,
reinforced concrete and pre-stressed concrete, see Figure 1 (Engström 2008,
p. 1-7).
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a)

b)

c)
Figure 1. In a) plain concrete breaking due to the tension forces and in b) reinforced concrete
able to withstand the tension forces with some cracks and in c) pre-stressed concrete withstands
the tension forces without cracking.

The compressive strength is determined through testing concrete cubes and
cylinders through a standardized method (Burström 2007), see Figure 2.
Normally the cylinder tests reach about 80-90 % of the compressive strength
reached in the cube tests but both methods are used by the European
standard.

a)

b)

Figure 2. Compressive strength tested on a) cubes and b) cylinders.

There are fourteen concrete strength classes available, see Table 1
(Engström 2008, p. 4-6). The classes are named from 12/15 up to 90/105,
where the classes 12/15 to 50/60 are considered to represent regular concrete
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and 55/67 to 90/105 are considered to be high-performance concrete. The
first number indicates the characteristic strength based on cylinders 𝑓𝑐𝑘 and
the second number indicates the characteristic strength based on cubes
𝑓𝑐𝑘,𝑐𝑢𝑏𝑒 .
Furthermore, the average compressive strength can be solved by the
following equation:
𝑓𝑐𝑚 = 𝑓𝑐𝑘 + 𝛥𝑓

(1)

𝛥𝑓 = 8 𝑀𝑃𝑎

(2)

Where:

Table 1: Standardized strength classes according to Eurocode 2,
characteristic value 𝒇𝒄𝒌 (5 % fractile) and average compressive strength 𝒇𝒄𝒎

Class

12/15

16/20

20/25

25/30

30/37

35/45

𝑓𝑐𝑘
MPa

12

16

20

25

30

35

𝑓𝑐𝑚
MPa

20

24

28

33

38

43

Class

40/50

45/55

50/60

55/67

60/75

70/85

𝑓𝑐𝑘
MPa

40

45

50

55

60

70

𝑓𝑐𝑚
MPa

48

53

58

63

68

78

Class

80/95

90/105

𝑓𝑐𝑘
MPa

80

90

𝑓𝑐𝑚
MPa

88

98

2.1.1 Cement
Cement is a hydraulic binder that reacts with water and hardens (Burström
2008), see Figure 3 (ACG Materials n.d.). The hardening process takes time
and after a couple of hours the cement begins to solidify.
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Figure 3. Cement reacts with water and then hardens.

Lime stone and clay constitutes the main ingredients in the process of
manufacturing cement. The materials are crushed together into a fine
powder and are then put into a cement kiln.
There are different methods that can be used when burning the powder. The
“dry method” includes the powder to be continuously fed into the upper,
cold part of the burner. The “wet method” includes the powder being fed
into the burner in form of sludge.
After the burning and cooling process is complete the materials have turned
into cement clinker. The clinker is then crushed together with gypsum to
create cement.

2.1.2 Aggregates
In concrete mixtures it is ideal to use aggregates of different sizes to try to
fill every empty pocket in the mixture, see Table 2 (Burström 2008). The
cement paste will fill the very smallest pockets and glue the aggregates
together.
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Table 2. Different designations regarding the stone and sand fraction sizes.

Term

Size [mm]

Stone

> 8mm

Fine gravel

< 8 mm

Sand

≤ 4 mm

Filler

≤ 0,125 mm

The size distribution of each stone and sand fraction in a concrete mixture
strongly influences the concrete’s hardened properties and should be
carefully selected (The Portland Cement Association n.d.).
Crushed aggregates and fine gravel are the two most used types of stone, see
Figure 4 (Stenbolaget n.d.), crushed aggregates being the more commonly
used of the two.

a)

b)

Figure 4. In a) Stones with rounded edges and in b) Crushed stones with sharp edges.

2.2 Steel
Steel is a material that consists mainly of iron, together with small amounts
of carbon and other elements (Åstedt 2009). When producing steel, iron ore
minerals such as magnetite Fe3 O4 and hematite Fe2 O3 are used, but also
recycled steel. Before the ores magnetite and hematite can be used in the
production of iron they must first undergo a process called enrichment. That
means sorting out all other minerals by exploiting the differences in their
density and magnetic- and surface properties. It can for example be done by
crushing and grinding. Depending on the amount of carbon in the iron it is
classified as either iron or steel. Cast iron has a carbon amount of about 2-4
% while steel only contains about 0,2-2 % carbon.
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There are three ways to produce steel, in ore and coke-based ironworks with
blast furnaces, in scrap based steelworks and in direct reduction furnaces
with electric steel plants. The first option is normally used.
Steel is divided into three groups depending on how it is manufactured, hot
rolled steel, heat treaded steel and cold worked steel (Engström 2008). These
types of steel have different mechanical properties regarding stress and
strain. Hot rolled and heat treaded steel have about the same properties with
four different phases, an elastic phase, a plastic phase, a phase with
hardening ratio up to the maximum load and a break point until the steel
tears apart, see Figure 5a (Engström 2008, p.4-27). The transition between
the elastic and the plastic phase is called yield stress 𝑓𝑦 , and maximal stress
is defined by 𝑓𝑡 ,which constitutes the tensile stress. The corresponding strain
is defined by ultimate strain 𝜀𝑠𝑢 .
For the cold worked steel the relationship between stress and strain is
slightly different, see Figure 5b (Engström 2008, p.4-27). Cold worked steel
have three phases, an elastic phase, a phase with hardening ratio up to the
maximum load and a break point until the steel tears apart. There is no
plastic phase and thus no yield stress, therefore cold worked steel is much
more fragile or brittle than hot rolled.

a)

b)

Figure 5.The relation between stress and strain for a) hot rolled steel and for b) cold worked steel.

2.3 Reinforced concrete
Regular reinforcement normally consists of steel bars, treads, net, lines or
cables that are molded directly into the concrete (National encyclopedia
n.d.), see Figure 6 (Sydsten n.d.). The concrete can also be reinforced with
fiber, consisting either of steel or polymer based materials.
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Figure 6. Concrete reinforced with steel nets.

The steel reinforcement’s functions are to improve the parts of the
construction subjected to tensile stresses (Engström 2008). The tensile
forces are transferred through the bond and contact pressure around the steel
bars. The exchange of forces within the interface between the steel bars and
the surrounding concrete is a vital part for the constructions functioning. If
the concrete and steel bars no longer hold on to each other a so called
anchorage failure occurs. This is crucial for the mechanical resistance of the
construction.

2.4 Pre-stressed concrete
Apart from regular reinforced concrete the pre-stressed reinforcement is
either pre-or post-tensioned (Engström 2008). The pre-tension method
suggests the high strength steel is tensioned before the molding stage and
then cut. This normally leaves the concrete structure slightly bended due to
the steel contracting, see Figure 7a (Engström 2008, p. 1-4). Post-tension is
the opposite, the high strength steel being tensioned after the concrete has
been molded and hardened, see Figure 7b (Engström 2008, p. 1-4).

a)

b)

Figure 7. In a) Pre-tension; tensioning the steel before molding and cut the cables after the concrete
has hardened and in b) Post-tension; tensioning the steel with a jack after the concrete has
hardened.

When the pre-stressed concrete is exposed to an increasing load, the
compressive stresses due to the pre-tensioning will successively be relieved.
Compared to plain and reinforced concrete without pre-stressing the
cracking is substantially postponed when using pre-stressed concrete.
In a partial pre-stressed concrete beam where minor cracks are accepted in
the service state, the cracks will pull themselves together when the load is
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removed (Engström 2011). The cracks will seal shut due to the existing
compressive forces.

2.5 Carbonation and corrosion
When the concrete is manufactured a big amount of carbon dioxide is
released out into the air (Swedish concrete 2013). The concrete will later
absorb surrounding carbon dioxide back into its structure, a process that is
called carbonation and will ultimately lead to the steel bars corroding (Lo,
Liao, Wong & Tang 2016).
The carbon dioxide (CO2 ) reacts with the water present in the pore solution
of the concrete (H2 O) and creates a weak carbonic acid (H2 CO3 ),
CO2 + H2 O = H2 CO3

(3)

that slowly penetrates the concrete The acid starts a chemical reaction with
the solid constituents of the hydrated cement of the concrete such as calcium
hydroxide (Ca(OH)2 ), and calcium silicate hydrates (C − S − H). These
chemical reactions will form calcium carbonate (CaCO3 ), water (H2 O) and
silica dioxide (SiO2 ).
H2 CO3 + Ca(OH)2 → CaCO3 + 2H2 O
H2 CO3 + C − S − H → CaCO3 + SiO2 + n ∙ H2 O

(4)
(5)

These carbonation processes described above lowers the pH-level of the
pore solution of the concrete from around 12 to below 9, see Figure 8
(Burström 2007, p. 249). The reinforcement steel bars are normally in a
passive state with a pH-level higher than 12,5 (Burström 2008). This passive
state functions as protection against corrosion. When the carbonation depth
reaches the steel bars the corrosion process will begin due to reactions with
oxygen O2 .

Figure 8. The carbonation process lowers the pH-level of the concrete which leads to corrosion.

Corrosion products take up a bigger amount of volume than the original
steel and cause internal pressures inside the concrete. This can further lead
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to the concrete cracking along the reinforcement. Corrosion also reduces the
steel bar cross sectional area and the anchoring effect between the steel and
concrete. In overall the strength of the construction is lowered.
How rapid the carbonation progresses depends on various factors such as the
water-cement ratio of the concrete, type of cement and cement paste, amount
of carbon dioxide CO2 in the surrounding air, the permeability of the
concrete, if the concrete is cracked etc. (Lo et. al. 2016).

2.5.1. Carbonation depth
The carbonation depth 𝐷, can be calculated as (Lo et. Al. 2016),
𝐷 = 𝑘 ∙ 𝑡𝑛

(6)

where the factor 𝑘, is the diffusion rate resistance of carbon dioxide in the
concrete, 𝑡 is the time in years the concrete has been exposed to its natural
environment, and n is an exponent which is normally taken as 0,5.

2.5.2. Estimated service time
Through the following equation which is based on Equation 6, the remaining
service time 𝑡𝑙𝑖𝑓𝑒 can be estimated:
𝑥𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑙𝑎𝑦𝑒𝑟 2
𝑡𝑙𝑖𝑓𝑒 = (
)
𝑘

(7)

where 𝑥𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑙𝑎𝑦𝑒𝑟 is the thickness of the concrete covering the steel bars.

2.6 Design
Bearing constructions have to be designed to fulfill the requirements that are
put during its service time on resistance, stability and durability (Engström
2008). The construction has to withstand any probable influences when
being built and during use.
The design is based on a verification of the chosen materials, dimensions
and configuration that have to fulfill the requirements. Verification can be
done through testing or a combination of testing and calculations.

2.6.1 Serviceability limit state
Verification of functional requirements are done in the service limit state,
that is, a state when the construction is close to no longer fulfill the stated
requirements on resistance, stability or durability.
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2.6.2 Ultimate limit state
Resistance is verified in the ultimate limit state when the construction is
about to lose its resistance ability. There are several design situations which
has to be distinguished when verifying the resistance such as:
1. Persistent conditions; during regular use
2. Transient conditions; when being built and repaired
3. Accidental situations; when a fire or explosion occur s
4. Seismic conditions; during earthquake
The reliability class of the construction is determined by the actual
condition. It includes the safety of persons and what consequences it may
cause if the construction breaks, see Table 3 (Johansson 2013, p. 9).
Table 3. Determine reliability class depending on the extent of the consequences.

Safety class

The consequences of a collapse

𝛾𝑑

3

(High), high risk of serious personal injurys

1,0

2

(Normal), some risk of serious personal injurys

0,91

1

(Low), low risk of serious personal injurys

0,83

2.6.2.1 Actions
Permanent actions G, can be considered to be constant since it varies very
little over time (Engström 2008). Self-weights from structural parts and nonbearing building parts are some examples of permanent actions.
Variable actions Q, varies substantially over time. Example of these are
persons, vehicles and machines, interior, snow and wind actions.
In situations where multiple variable actions occur, reduction
factors Ѱ0 , Ѱ1 , Ѱ2 , have to be included in the calculations.
2.6.2.2 Combinations of actions
All calculations are made in ultimate limit state (Johansson 2013). STR is a
limit state where internal failures or too large deformations of the
construction are essential for the constructions capacity and have to be
verified through equations, see Equation 8 and 9.
The variable actions are only included in which situations when they are
unfavorable for the load case.
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Combination of actions (a):
𝑆𝑇𝑅 (𝑎) = 𝛾𝑑 ∙ 1,35 ∙ 𝐺𝑘 + ∑(𝛾𝑑 ∙ 1,5 ∙ Ѱ0,𝑖 ∙ 𝑄𝑘 )

(8)

Combination of actions (b):
𝑆𝑇𝑅 (𝑎) = 𝛾𝑑 ∙ 1,35 ∙ 𝐺𝑘 + 𝛾𝑑 ∙ 1,5 ∙ 𝑄𝑘

(9)

+ ∑(𝛾𝑑 ∙ 1,5 ∙ Ѱ0,𝑖 ∙ 𝑄𝑘 )

Where:
+ 𝑚𝑒𝑎𝑛𝑠 "𝑡𝑜 𝑏𝑒 𝑐𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝑤𝑖𝑡ℎ"
∑ 𝑚𝑒𝑎𝑛𝑠 "𝑡ℎ𝑒 𝑐𝑜𝑚𝑏𝑖𝑛𝑡𝑖𝑜𝑛 𝑜𝑓"

2.6.3 Design through testing
Calculations have to be done to determine the characteristic 𝐺𝑘 and
designing value 𝐺𝑑 of the load that the concrete slab was exposed to during
the tests. By calculating an average load 𝑚𝑥 and take the deviations in
consideration the characteristic and designing load can be retrieved through
equations and tables found in Eurocode 0 (SIS 2014).
The equation to solve the characteristic load 𝐺𝑘 :
𝐺𝑘 =

𝜂𝑑
𝑚 {1 − 𝑘𝑛 𝑉𝑥 }
𝛾𝑚 𝑥

( 10 )

The unknown factors can be solved by:
1
∑(𝑥𝑖 − 𝑚𝑥 )2
𝑛−1
𝑠𝑥
𝑉𝑥 =
𝑚𝑥
𝑠𝑥 2 =

( 11 )
( 12 )

The factor 𝑘𝑛 can be found in table D.1 in Eurocode 0.
And the designing load 𝐺𝑑 is calculated by:
𝐺𝑑 = 𝜂𝑑 𝑚𝑥 {1 − 𝑘𝑑,𝑛 𝑉𝑥 }

The factor 𝑘𝑑,𝑛 can be found in table D.2 in Eurocode 0.
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( 13 )

Explanation of terms:
Upper case Latin letters
𝑉𝑥

Variation coefficient for factor 𝐺𝑘 /𝐺𝑑

𝐺𝑑

Designing load

𝐺𝑘

Characteristic load

Lower case Latin letters
𝑘𝑛

Characteristic value of the fractile factor

𝑚𝑥

The average value of the measured results from the four
point bending tests

𝑛

Amount of four point bending tests that has been done

𝑠𝑥

Appreciated value of standard deviation

𝑥𝑖

Measured test result from four point bending tests

Lower case Greek letters
𝛾𝑚

Partial coefficient regarding the concretes resistance

𝜂𝑑

Designing value of the conversion factor

2.6.4 Design through calculations - Reinforced concrete
Design and analysis of reinforced concrete are made in stadium III, ultimate
limit state (Engström 2008). In this stadium, the reinforcement and the
concrete are assumed to have full interaction with each other and either one
or both of them are assumed to be plastic.
The calculations are based on following steps, which applies to a double
reinforced cross-section:
1. Various assumptions are made, depending on whether the
reinforcement is elastic, see Equation 14 or plastic, see Equation 15.
𝜎𝑠 ´ = 𝐸𝑠 ∙ 𝜀𝑠 ´

( 14 )

𝜎𝑠 ´ = 𝑓𝑦𝑑

( 15 )

2. An equation for equilibrium is produced, see Equation 16, where the
value of x is solved.
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𝛼 ⋅ 𝑓𝑐𝑑 ⋅ 𝑏 ⋅ 𝑥 + 𝜎𝑠 ´ ⋅ 𝐴𝑠 ´ = 𝜎𝑠 ⋅ 𝐴𝑠

( 16 )

3. The earlier assumptions have to be verified. If the reinforcement was
assumed to be elastic, verification has to be made through Equation
17. If it was assumed to be plastic, Equation 18.
𝜀𝑠 ´ ≤ 𝜀𝑠𝑦𝑑 ´
( 17 )
𝜀𝑠 ´ ≥ 𝜀𝑠𝑦𝑑 ´

( 18 )

4. When x is solved and the assumptions are verified, the bending
moment capacity can be solved through Equation 19.
𝑀𝑑 = 𝛼 ⋅ 𝑓𝑐𝑑 ⋅ 𝑏 ⋅ 𝑥 ∙ (𝑑 − 𝛽 ∙ 𝑥) + 𝜎𝑠 ´ ⋅ 𝐴𝑠 ´(𝑑 − 𝑑´) ( 19 )
The maximal bending moment capacity is put equal to an expression of
moment that can be solved by superpositioning and the section method.
Superposition can be used in order to calculate the support actions that act
on the beam (Sjögren2). By adding all of the actions, an equation for the
unknown support actions can be solved.
A beam is statically determined when it has no more than three unknown
support actions which can be solved through equilibrium. By sectioning the
beam, wanted forces are uncovered, see Figure 9a. To maintain vertical and
moment equilibrium, a shear and a moment force has to be added, see Figure
9b. Through this method, equations for both moment- and shear forces can
be expressed.

a)

b)

Figure 9. In a) the beam is divided into sections to uncover wanted section forces and in b) Shearand moment forces has to be added to maintain vertical- and moment equilibrium.

2

Conny Sjögren: University lecturer at Linnaeus University in course 1BY012, Building
Mechanics.
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Explanation of terms:
Upper case Latin letters
𝐴𝑠

Area of the bottom layer of reinforcement

𝐴𝑠 ´

Area of the top layer of reinforcement

𝐸𝑠

Elastic modulus of steel

𝑀𝑑

Design value of bending moment

Lower case Latin letters
𝑏

Width of the cross section

𝑑

Distance from the top edge of the cross section to the
center of the bottom layer of reinforcement.

𝑑′

Distance from the top edge to the center of top
reinforcement layer

𝑓𝑐𝑑

Designing value of compressive strength

𝑓𝑦𝑑

Designing value of yield strength

𝑥

Distance from the top edge to the critical layer

Lower case Greek letters
𝛼

Factor to determine the compressive resultant in size and
position

β

Factor to determine the compressive resultant in size and
position

𝜀𝑠 ´

Ultimate strain of the reinforcement

𝜀𝑠𝑦𝑑 ´

Ultimate strain of steel

𝜎𝑠

Tension strength of the bottom reinforcement layer

𝜎𝑠 ´

Tension strength of the top reinforcement layer
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2.6.5 Design through calculations – Pre-stressed concrete
Design and analysis of pre-stressed concrete are made in stadium II, service
limit state (Engström 2011). The calculations are based on following steps,
which applies to a rectangular cross-section:
1. Equations for equilibrium are produced, see Equation 20, 21, 22, 23
and 24, where the value of x is solved. An assumption that the
reinforcement is elastic is made.
𝜎𝑐𝑖 ⋅ 𝑏 ⋅ 𝑥
( 20 )
𝜎´𝑠𝑖 ⋅ 𝐴´𝑠 +
= 𝜎𝑝𝑖 ⋅ 𝐴𝑝 + 𝜎𝑠𝑖 ⋅ 𝐴𝑠
2
𝑥 − 𝑑´
( 21 )
𝜎´𝑠𝑖 = 𝛼
𝜎𝑐𝑖
𝑥
𝑑𝑠 − 𝑥
( 22 )
𝜎𝑠𝑖 = 𝛼
𝜎𝑐𝑖
𝑥
𝑑𝑝 − 𝑥
( 23 )
𝜎𝑝𝑖 =△ 𝜎𝑝 + 𝜎𝑝0𝑖 = 𝛼
𝜎𝑐𝑖 + 𝜎𝑝0𝑖
𝑥
𝑃0𝑖
( 24 )
𝜎𝑝0𝑖 =
𝐴𝑝
2. The assumption that the reinforcement is elastic is verified by
Equation 25.
𝜀𝑠 ´ ≤ 𝜀𝑠𝑦𝑑 ´
( 25 )
3. When x is solved and the assumption is verified, the bending
moment capacity can be solved through Equation 26.
𝜎𝑐𝑖 ⋅ 𝑏 ⋅ 𝑥
𝑥
( 26 )
𝑀 = 𝜎´𝑠𝑖 ⋅ 𝐴´𝑠 ⋅ (𝑑𝑝 − 𝑑´) +
⋅ (𝑑𝑝 − )
2
3
+ 𝜎𝑠𝑖 ⋅ 𝐴𝑠 ⋅ (𝑑𝑠 − 𝑑𝑝 )
The following step in the calculation is identical to the reinforced concrete
regarding superpositioning and the section method.
Explanation of term:
Upper case Latin letters
𝐴𝑠

Area of the bottom layer of reinforcement

𝐴𝑠 ´

Area of the top layer of reinforcement

𝐴𝑝

Area of concrete cross section

𝑃0𝑖

The total clamping force of both top and bottom
reinforcement
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Lower case Latin
𝑏

Width of the cross section

𝑑′

Distance from top edge of the cross section to the center
of top reinforcement

𝑑𝑠

Distance from the top edge of the cross section to the
center of the bottom layer of reinforcement

𝑑𝑝

Distance from the top edge of the cross section to the
center of the pre-stressing force

𝑥

Distance from the top edge to the critical layer

Lower case Greek letters
𝜎𝑐𝑖

Initial concrete stress

𝜎𝑠𝑖

Initial concrete stress at the level of the bottom
reinforcing steel

𝜎´𝑠𝑖

Initial concrete stress at the level of the top reinforcing
steel

𝜎𝑝𝑖

Initial concrete stress at the level of the pre-stressing steel
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3. Description of the pre-stressed slatted floors
The object that is to be studied is one of Abetong’s concrete products called
SF15, a pre-stressed slatted floor for cows with the following characteristics:


Concrete type C45/55



Steel type Y1860S3, three-wire strands



Reinforcement with the diameter 6,5 mm



The top two steel cables are pre-tensioned with 14 kN/cable and the
bottom three steel cables with 28 kN/cable.



The thickness of the concrete layer covering the reinforcement is 25
mm, see Figure 10.

Figure 10. Cross sectional area of the concrete slatted floor.
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4. Method
Real data will be collected and used via quantitative methods in form of
practical tests and observations. Eighteen different pre-stressed slatted floors
will be tested through a four-point bending test. The slabs have different
lengths and ages and have been operating in different environments. The
carbonation depth will be examined and corrosion will be ocular observed.

4.1 Literature study
The background theory will be developed through information collected via
the internet, books and scientific articles. The primary focus is to study the
involved materials carefully and understand their purpose. This will give a
better understanding of the behavior of the pre-stressed slatted floors and
how the calculations of these will be done.

4.2 Four-point bending test
The slatted floors are studied through a four-point bending test with attached
measuring instruments such as a potentiometer, see Figure 11a, LVDT see
Figure 11b, and two load cells to measure and charge the slab with external
loads, see Figure 11c. The potentiometer is placed in the middle of the slab
measuring the total deformation. To get further data a linear variable
differential transformer, commonly known as a LVDT, is positioned on top
of the middle part of the slab measuring the curvature over a 50 cm stretch.
The load cells are powered by hydraulic oil which is controlled manually.
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a)

b)

c)
Figure 11 In a) Potentiometer; measuring the total deformation, in b) Load cell; charging the slab
with external load and in c) LVDT; measuring the curvature over a 50 cm stretch.

The program software is called Catman Easy which processes the incoming
data from the measuring instruments and shows the results live in diagrams
during the ongoing test. The data can also be exported into, for example,
Excel-files.
The collected data from the measuring instruments will be compared and
studied at a specific load which is solved through the calculations of prestressed concrete.

4.2.1 Aramis
An optical measuring system called Aramis gives a better understanding of
how the concrete slatted floors behaves under mechanical loading (GOM
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n.d.). The Aramis setup consists of two high resolution cameras positioned
to record the same area but from two different angles. By coloring a selected
area in a white and black pattern, Aramis can trace the arbitrary pattern and
detect deformations and strains at a very early stage, see Figure 12. The
collected data is sent to the dedicated computer software to be processed,
which in turn can deliver results in 3D-models, videos and pictures.

a)

b)

Figure 12. In a) Aramis traces a white and black pattern that is painted on the surface that is to be studied and
in b) the deformations can be detected at a very early stage through the Aramis footage.

4.3 Carbonation tests, observation of corrosion and estimated service time
By brushing a solution of phenolphthalein which is a pH-indicator, on a
cross sectional area of the concrete, a clear edge will appear dividing the
carbonated and un-carbonated concrete, see Figure 13. Since the pH-level
drop when the concrete is subjected to carbonation, only the un-carbonated
concrete with pH-level above 12 will take on a purple-like color. The
carbonated concrete with pH-level below 9 will remain colorless. In turn the
carbonation depth can be measured (Burström 2008).
The corrosion of the steel bars is ocular observed and the remaining service
time is estimated through Equation 6 and 7, mentioned in chapter 2.5.2.
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Figure 13. A clear front dividing the uncarbonated and carbonated conrete.

4.4 Calculations
The calculations will be made based on Eurocode 0 and 1, and accordingly
to Björn Engström´s books (2008 and 2011). The maximum load will be
calculated for reinforced and pre-stressed concrete and compared to the
calculated load from the test.

4.5 Selection, validity and reliability
The study is based on eighteen selected pre-stressed slatted floors, therefore
the result and method cannot be applied to other concrete and pre-stressed
products. The age and surrounding environment the slabs have been in are of
great importance to the study.
The validity grade of the results is considered to be high. Suitable tests and
calculations have been chosen to acquire the wanted results which can be
compared to each other.
Regarding the reliability grade of the study, the practical tests and the
calculation of reinforced concrete are seemingly high since the same result
should be acquired if the study would be repeated. In the calculations of prestressed concrete several assumptions have been made and therefore the
reliability grade is rather low.
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5. Detailed description of the execution
The studies are based on quantitative methods which have been practiced in
the university’s local lab, involving practical tests and ocular investigations.

5.1 Four-point bending tests
Before the test could begin the testing device and the concrete floors had to
be prepared. Since the slabs had different lengths the test was supposed to
only take the shortest slab in consideration and the testing device was set up
accordingly. The load cells were placed a third of the length from each edge
and the potentiometer and LVDT was placed in between the two, see Figure
14. The Aramis set up can be seen behind the slab.

Figure 14. The complete set up of the measure instrument, load cells and Aramis.

The theoretical test line-up is identical to the one used in reality, see Figure
15a. In the practical test the theoretical line-up was reversed because the
external loads act from underneath, except the self-weight which still acts in
the gravitational direction, see Figure 15b.
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a)

b)

Figure 15. The difference between the a) theoretical and b) practical set up.

The slabs were lifted in and out of the testing device with a lift. When the
slab was in place the flexible supports which permits movement in
translation and rotation, was mounted on each end on top of the slab, see
Figure 16.

Figure 16. The flexible supports permit movements in translation and rotation.

Because the LVDT is a very sensitive instrument it was removed when the
curvature reached around 2 mm in case it would get damaged. When the
four-point bending test had finished and the slab had reached its breaking
point, relevant data was collected through photographical documentation
and notes. The instrumental data was saved as Excel files and later
represented in appropriate diagrams.
The link below shows the complete sequence of the four-point bending test
with the potentiometer and LVDT mounted on slab nr. 14 from 1999 (Dorn
2016).
https://play.lnu.se/media/t/0_isyquzg8
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5.1.1 Aramis
One slab from each of the years 1989, 1992, 1999 and 2015 were selected to
be studied through Aramis. They had to be prepared and painted before
being put into the device.
The special pattern was sprayed on with regular spray cans in white and
black colors. First the white background was painted on to give a bright
foundation. Then the black color, that had to be sprayed with a special
technique to get small dots all over the selected surface for Aramis to trace.
One of the samples had to be washed off and cleaned to make the paint stick
properly, see Figure 17. When the slab was put into place in the mechanical
testing device the cameras were turned on and the test could begin. The load
was removed for a couple of seconds when the cracks were visible to the
eye. This to see if the cracks would pull themselves back together and how it
looked through the Aramis footage.

Figure 17. Dirty slab that had to be washed off in order to make the paint stick.

5.2 Carbonation tests, observation of corrosion and estimated service time
Two slabs from each year were selected to be examined for carbonation
depth and corrosion. Information regarding carbonation depths was used to
estimate the remaining service life of the slabs.
The carbonation tests were performed on three centimeter thick shards
which were cut from three different parts of the concrete slatted floor. One
shard was taken from the outer edge, one about 70 centimeters in from edge
and one in the middle, see Figure 18. The shard taken from the edge was
also ocular investigated for corrosion on the steel bars and was documented
through photographs.
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Figure 18. Shows which part of the slatted floor the shards are cut from.

The shards had to be broken in pieces in order to control the carbonation
depth in the y- and x-axis, see Figure 19. The depth was only examined in
the bottom part of the cross section since this is the most crucial area
considering the mechanical action of the reinforcement. The ocular
observations could be done since the reinforcement now was exposed.

Figure 19. The shards are broken into pieces to expose concrete surface in y- and x-axis.

A part of the shard was brushed with the solution phenolphthalein and was
later examined in a DINO-microscope, with the ability to both measure
distances between different points and taking photographs of the object, see
Figure 20. The carbonation depth was measured at three points on each axis
which gave an average depth. An average depth of carbonation of each
slatted floor was used to estimate the remaining lifetime of the sample.
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Figure 20. The carbonation depth was examined and measured in a microscope.

5.3 Calculations
The cross section of the slatted floor has been simplified into a rectangular
cross section to facilitate the calculations, see Figure 21.The three bottom
steel bars have been positioned in one row based on the center of gravity
between the three bars.

Figure 21. The real cross section has been simplified into a rectangular cross section to facilitate the
calculations.
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The calculations for both the reinforced and pre-stressed slatted floors have
been done in two stages. Firstly, an expression for the maximum bending
moment capacity have been created through superpositioning and the section
method. Then shear- and moment equilibrium and various assumptions have
been made depending on the reinforcement being plastic or elastic. This led
to a result in a value of the bending moment capacity which was put equal to
the previous expression. From this the characteristic and designing loads
were solved.
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6. Results
The acquired results from the practical tests and theoretical calculations are
represented in the following chapter.

6.1 Four-point bending tests
The result of the four-point bending tests is presented in diagrams in
Appendix 1. The maximum load and the total average load are presented in
Table 4, for all tested samples.
Table 4. Test results from the four-point bending test which were summed up to an average value.

Nr, year:

Load [kN]

1, 2006:

17,7

2, 2006:

17,8

3, 2006:

17,2

4, 1989:

17,8

5, 1989:

17,8

6, 2015:

17,4

7, 2015:

17,6

8, 2015:

17,0

9, 2015:

19,1

10, 2015:

17,5

11, 1992:

18,0

12, 1992:

18,7

13, 1999:

15,3

14, 1999:

15,1

15, 2015:

18,9

16, 1989:

19,4

17, 1991:

19,1

18, 1999:

16,0

Total average:

17,6

6.1.1 Aramis
Pictures taken before and after the load was removed from the slab, see
Table 5. Pictures from before and after the load were removed. The
complete sequence is presented in Appendix 2.
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Table 5. Pictures from before and after the load were removed.

Nr,
year, at
what
kN:

Before the load was removed:

After the load was removed:

15,
2015,
approx.
13 kN

16,
1989,
approx.
8 kN

17,
1992,
approx.
10 kN

18,
1999,
approx.
8 kN

6.2 Carbonation depth and observation of corrosion
The results of the carbonation tests are represented in Table 6, showing the
average carbonation depth from each of the tested slatted floors. Each study
of the carbonation depth from the different parts of the slab can be found in
Appendix 3, 4 and 5.
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Table 6. The average carbonation depth of each slatted floor.

The average carbonation depth [mm]
2, 2006:

1,0

3, 2006:

1,1

5, 1989:

0,6

10, 2015:

0,2

11, 1992:

2,0

13, 1999:

0,7

15, 2015:

0,0

16, 1989:

1,1

17, 1992:

1,2

18, 1999:

2,5

The ocular investigation of corrosion on the reinforcement showed that three
out of ten slabs, from the years 1989, 1999 and 2015 were not affected by
corrosion at all. The more detailed study can be found Appendix 7.

6.3 Estimated service time
The remaining years each of the tested slatted floors is estimated to be in
service, is presented in Table 7. The calculations can be found in Appendix
6.
Table 7. The remaining years before the carbonation depth reaches the reinforcement.

Nr, year:

Remaining years [years]

2, 2006:

6 050

3, 2006:

5 380

5, 1989:

46 270

10, 2015:

11 790

11, 1992:

3 760

13, 1999:

21 380

15, 2015:

2 366 860

16, 1989:

14 000

17, 1992:

10 860

18, 1999:

1 710
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6.4 Calculations of characteristic and designing load from the test
The characteristic value of the load was calculated to Gk = 10,4 kN and the
designing value Gd = 13,7 kN. See the complete calculation in Appendix 7.

6.5 Calculations of reinforced concrete
The calculation of reinforced concrete resulted in a characteristic and
designing load represented in Table 8 below and the calculation can be
found in Appendix 9.
Table 8. Reinforced concrete - The calculated characteristic and designing value of the load.

Reinforced concrete

Characteristic load, Gk

4,4 kN

Designing load, Gd

5,9 kN

6.6 Calculations of pre-stressed concrete
The result of the pre-stressed calculations is presented in Table 9 and the
detailed calculations can be found in Appendix 10.
Table 9. Pre-stressed Concrete - The calculated characteristic and designing value of the load.

Prestressed concrete

Characteristic value, Gk

8,6 kN

Designing load, Gd

11,6 kN

6.7 The measured deformation and curvature with associated pictures from
Aramis
The deformation, curvature and complementing pictures from Aramis are
studied at the designing load of 11,6 kN which is solved through the
calculations of pre-stressed concrete, see Table 10 and Table 11. The
diagrams of the measured deformation and curvature can be found in
Appendix 1.
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Table 10. The deformation and curvature measured during the four-point bending tests.

Nr, year:

Deformation [mm]

Curvature [mm]

1, 2006:

10,6

0,6

2, 2006:

8,0

0,5

3, 2006:

9,1

0,6

4, 1989:

14,7

0,8

5, 1989:

13,3

0,6

6, 2015:

10,5

0,5

7, 2015:

8,2

0,4

8, 2015:

10,4

0,5

9, 2015:

7,0

0,5

10, 2015:

8,1

0,5

11, 1992:

6,7

0,4

12, 1992:

8,0

0,4

13, 1999:

11,6

0,5

14, 1999:

10,5

0,5

15, 2015:

9,1

0,5

16, 1989:

8,7

0,5

17, 1992:

7,0

0,4

18, 1999

8,9

0,5

42
Hermansson & Nilsson

Table 11. Complementing pictures taken from Aramis around 11,6 kN.

Nr, year:
16, 1989:

17, 1992:

18, 1999:
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15, 2015
(short):
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7. Analysis
The acquired practical results are compared and analyzed to the theoretical
results from the calculations and the collected theory.

7.1 Analysis of the four-point bending test
The deformation varies from around six to fourteen millimeters but the
biggest and smallest deformations are not distributed to separately the older
and newer ones, but are spread almost randomly among the slabs, see Table
12. The two biggest deformations were measured from two of the oldest
slabs (nr. 4 and 5) but the third and fourth biggest deformations were
measured from slabs ten and seventeen years younger (nr. 13 and 1).
Likewise applies to the measured curvature, where the biggest curvature was
measured from the one of the oldest (nr. 4), but the second biggest value (nr.
1) from a slab seventeen years younger, see Table 12.
Table 12. The slatted floors sorted by their age - The measured deformation and curvature at 11,6 kN.

Nr, year:

Deformation [mm]

Curvature [mm]

4, 1989:

14,7

0,8

5, 1989:

13,3

0,6

16, 1989:

8,7

0,5

11, 1992:

6,7

0,4

12, 1992:

8,0

0,4

17, 1992:

7,0

0,4

13, 1999:

11,6

0,5

14, 1999:

10,5

0,5

18, 1999:

8,9

0,5

1, 2006:

10,6

0,6

2, 2006

8,0

0,5

3, 2006:

9,1

0,6

9, 2015:

7,0

0,5

10, 2015:

8,1

0,5

15, 2015:

9,1

0,5

6, 2015:

10,5

0,5

7, 2015:

8,2

0,4

8, 2015:

10,4

0,5
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The maximum external load keeps a value at around 17 kN but with some
random individual spiking results, see Table 13. The biggest maximum load
is measured from one of the oldest slabs at 19,4 kN (nr. 16) and the lowest
measured load from a slab 10 years younger at 15,1 kN (nr. 14).
The slabs which come from the same year breaks almost at the same load
with very low differences. As in the results of deformation and curvature the
biggest maximum load is not measured from the newest ones and vice versa.
Table 13. The slatted floors sorted by their age – The measured maximum load from the test.

Nr, year:

Load [kN]

4, 1989:

17,8

5, 1989:

17,8

16, 1989:

19,4

11, 1992:

18,0

12, 1992:

18,7

17, 1992:

19,1

13, 1999:

15,3

14, 1999:

15,1

18, 1999:

16,0

1, 2006:

17,7

2, 2006

17,8

3, 2006:

17,2

9, 2015:

19,1

10, 2015:

17,5

15, 2015:

18,9

6, 2015:

17,4

7, 2015:

17,6

8, 2015:

17,0

7.1.1 Analysis of footage sequence from Aramis
The visible cracks in Aramis quickly pulled back together and sealed shut
when the load was removed in all of the samples. The cracks became almost
invisible in Aramis but soon reappeared when the load was put back on.
The slatted floors from 1989, 1992 and 1999 had barely any visible cracks
or very small cracks before the load was removed. The slatted floor from
2015 showed rather big cracks before the load was removed.
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When analyzing the sequences from the Aramis test at a load of 11,6 kN, it
is clear that cracks have occurred on all slabs. However, the newest slab
from 2015 differs from the other as it has bigger cracks but on more regular
intervals.
The slabs from 1989, 1992 and 1999 have cracks which are about the same
size but it appeared fewer cracks on the slab from 1992. Common for all the
slatted floors is a crack that occurred exactly in the middle of the slab.

7.2 Analysis of the carbonation depth, corrosion and service time
The carbonation test showed that neither of the concrete slatted floors had a
carbonation depth which could affect the reinforcement. Furthermore, the
observed steel cable corrosion of the three slabs could not have been caused
by the carbonation depth.
According to the results the slatted floors have a very long remaining service
time. The result is based on the slabs being in the same condition as when
the test was executed.

7.3 Analysis of the calculations
The theoretical investigation of the mechanical differences between prestressed and reinforced concrete slatted floors indicates that a pre-stressed
slab can take almost two times as much load than the reinforced one, Table
14.
When a comparison between these values and the results from the
characteristic and the designing load from the test are made, it is clear that
the results from the test are higher. This is due to when designing the
reinforced and the pre-stressed slab through the calculations, certain safety
factors have been used. In this way the result is lowered, to be on the safe
side.
Table 14. The calculated loads for both reinforced and pre-stressed concrete and the calculated load
from the tests.

Reinforced concrete

Pre-stressed
concrete

From tests

Charactersitic value
[kN]

4,4

8,6

10,4

Designing value
[kN]

5,9

11,6

13,7
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8. Discussion
The chosen method of the practical tests and calculations are discussed as is
the results from the performed tests and investigations.

8.1 Discussion of method
The four-point bending test method was chosen to get a constant bending
moment over the slab, but also to get a better view of the occurring
deformations and cracks during the test. A three-point bending test line-up
would have hidden important areas of the slab. The tests were performed
with good measuring instruments that gave exact and easily interpretable
results. Consideration was only taken to the shortest slab and the test line-up
was built after this one. To make the experiment more informative and
reliable, an account of all the different lengths could be taken. To get an
improved result, the environment could have been examined more.
In order to study the behavior of the slatted floor under mechanical load,
Aramis has been an excellent method. Thanks to movies and footages from
Aramis, this have given a better understanding of how the materials interact
with each other and how cracks develops and works.
The method to study the carbonation depth with a solution of
phenolphthalein as a pH indicator is a reliable method that has been used by
many. The carbonation depth was measured on several different locations on
the slab in both y- and x-axis, to later be carefully studied in a microscope.
To study the corrosion via ocular observation was suitable in this case, thus
the question only was if there existed any corrosion or not. Regarding the
calculation of the remaining service time, the reliability can be discussed.
The used equations seem reliable but are based on that the slab will continue
to operate in the same environment forever and still be in the same
condition. This is most unlikely thus factors such as the relative humidity in
the air, cracks etc. have a major impact.
When it comes to the design of the reinforced slatted floors, the result is
reliable hence it is based on Eurocode, other trustworthy sources and earlier
acquired knowledge of reinforced concrete from previous courses.
In the design of the pre-stressed slatted floors the calculations have been
made in service limit state and then compared with calculations from
ultimate limit state. To obtain reliable and comparable results the
calculations should be done in the same stages. Further considers that there
has been too little knowledge about pre-stressed concrete and it has been
complicated and difficult to learn a completely new subject on such a short
period of time. Therefore, many assumptions have been made and the
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reliability grade is fairly low compared to the calculations of the reinforced
concrete.
The applied method for calculation of characteristic and designing load from
test seems mostly reliable, thus equations from Eurocode are used. This is a
common method that is used when you want to convert a result from a real
test to a value that is comparable to the calculations.

8.2 Discussion of results
The analysis of the deformation, curvature and maximum external load
indicates very little mechanical differences between the older and newer
slabs. Even if the oldest slabs had the biggest measured deformations and
curvatures, they also had the biggest measured external load. Assuming that
the oldest slabs have a lower mechanical capacity is therefore incorrect and
the conclusion that the old ones does not differentiate from the new ones can
be made. To get an even more reliable result more samples could have been
tested to avoid exceptions and coincidences playing a big role in the final
result.
Aramis showed at an early stage where the cracks would appear before they
were visible to the eye. It was interesting to see if the cracks would seal
themselves back together when the load was removed and how fast the
cracks would reappear. Unexpectedly the newest slab from 2015 had the
biggest cracks before the load was removed. This could be a good sign
meaning it may have a ductile behavior and the other samples more brittle.
Removing the load and putting it back on bore no impact on the final
measured result and gave a further understanding of how cracked concreted
behaved. This aspect could definitely be studied more in Aramis to increase
the understanding of pre-stressed concrete.
The result of the carbonation depth test indicates an overall very small
penetration of the carbonation. And as mentioned before, the carbonation
cannot be the reason of the sighted corrosion on some of the samples, since
the carbonation has to penetrate as deep as the reinforcement is imbedded
into the concrete. Therefore, the steel has to have been exposed to an
environment which begun the corrosion process before being molded into
the concrete. The corrosion that had been spotted had only been on the
surface and the reinforcement´s mechanical capacity can be assumed to be
unaffected.
From the retrieved results of the carbonation depth tests, the estimated
remaining service time could be calculated. Since all samples had very short
carbonation depths, some shorter than one millimeter, the estimated service
time resulted in several thousands of years and even millions. This result
seems quite unlikely but at the same time likely if the conditions are ideal,
for example the Pantheon which still stands thousands of years later.
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The characteristic and designing load calculated for the reinforced concrete
was as expected lower than the characteristic and designing load calculated
from the four-point bending test, so was the result from the pre-stressed
calculations. But as mentioned before, the chosen method for the prestressed concrete calculations has a rather low reliability, therefore the result
has a low reliability grade too. Additional time would have been preferable
to learn more about the subject to be able to make a fair comparison and
assessment.
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9. Conclusions
It is hard to evaluate the slabs remaining mechanical capacity since the
results showed no mechanical difference between the old and the new ones.
The practical tests showed that there was no difference between the slatted
floors that have been in use for a certain amount of time and the newly
produced ones.
The two biggest deformations were measured from two of the oldest slabs
but the third and fourth biggest deformations were measured from slabs ten
and seventeen years younger. A similar pattern was found in the measured
curvatures, were the biggest value was measured from one of the oldest
slabs but the second biggest value was measured from a slab seventeen years
younger. The conclusion of the older slabs to have lost part of their
mechanical capacity cannot be made, since the biggest external load was
measured from one of the oldest slabs.
The carbonation depth could be measured from nothing and up to 4,5 mm,
but most importantly it never reached the reinforcement. Although out of
eighteen slabs there were three with observed corrosion. By evaluating these
results, the conclusion that the carbonation could not be the reason of the
sighted corrosion can be made.
The characteristic and designing load from the test was compared to the
calculated load from reinforced and pre-stressed concrete. The calculated
loads were lower since the calculations were made with several safety
factors which lowered the value to get a result with large margins. When
comparing the two calculated loads, the following conclusion can be made; a
pre-stressed slatted floor can take up to two times as much load than a
reinforced slatted floor.
The result of the remaining estimated service time and the results from the
practical tests, indicates that the slabs certainly will hold for a minimum of
thirty years and will most likely last for many years to come.

9.1 Further studies
This study could be complemented in many ways and widening the
understanding of the behavior of the pre-stressed slatted floors even more.
Some examples of further studies:


Examining when, how and what kinds of cracks appears and what
type of break the slabs goes to.



Take different lengths of the slatted floors in account and investigate
their impact on the result.
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Study the deformation, curvature and formation of cracks during a
longer period of time. Taking the summer season in account when
the cows are outside most of the time.



Consider the surrounding environment and evaluate pre-stressed
slatted floors that have been in service in different humidity climates
etc.
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APPENDIX 1: Diagrams of result from the four-point
bending tests
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Nr 3, 2006
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Nr 4, 1989
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Nr 11, 1992
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Nr 14, 1999
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Nr 16, 1989
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Nr 18, 1999

Maximum external load: 15,965 kN
Reached the designing load of 11,639 kN after 114,0 seconds
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APPENDIX 2: Complete sequences of events of the Aramis
tests
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Nr 15, 2015

Start

At about 10 kN the first cracks becomes visible
in Aramis.

Approximately at 13 kN, the load is removed.

The cracks are pulled back together and are
barely visible.

The cracks quickly return again as the slab is
exposed to more pressure.

The slab has been roughly deformed and large
cracks have developed.
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Nr 16, 1989

Start

At about 0,06 kN the first cracks becomes
visible in Aramis.

Approximately at 8 kN, the load is removed.

The cracks are pulled back together and are
barely visible.

The cracks quickly return again as the slab is
exposed to more pressure.

The slab has been roughly deformed and large
cracks have developed.
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Nr 17, 1992

Start

At about 4 kN the first cracks becomes visible
in Aramis.

Approximately at 10 kN, the load is removed.

The cracks are pulled back together and are
barely visible.

The cracks quickly return again as the slab is
exposed to more pressure.

The slab has been roughly deformed and large
cracks have developed.

Appendix 2, page 4: (5)
Hermansson & Nilsson

Nr 18, 1999

Start

At about 4 kN the first cracks becomes visible
in Aramis.

Approximately at 8 kN, the load is removed.

The cracks are pulled back together and are
barely visible.

The cracks quickly return again as the slab is
exposed to more pressure.

The slab has been roughly deformed and large
cracks have developed.
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APPENDIX 3: Carbonation depth at 70 mm from the edge
of the sample
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Slatted floor, year,
axis:
Nr 2, 2006 x-axis

Carbonation depth at 70 cm from the edge

Depth: 1,958 mm

Depth: 1,536 mm

Depth: 1,722 mm
Average depth: 1,739 mm
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Slatted floor, year,
axis:
Nr 2, 2006 y-axis

Carbonation depth at 70 cm from the edge

Depth: 0,313 mm

Depth: 0,294 mm

Depth: 0,275 mm
Average depth: 0,294 mm

Appendix 3, page 3: (11)
Hermansson & Nilsson

Slatted floor, year,
axis:
Nr 15,
x-axis
2015

Carbonation depth at 70 cm from the edge

Depth: 0,194 mm

Depth: 0,000 mm

Depth: 0,000 mm
Average depth: 0,065 mm
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Slatted floor, year,
axis:
Nr 15,
y-axis
2015

Carbonation depth at 70 cm from the edge

Depth: 0,000 mm

Depth: 0,000 mm

Depth: 0,000 mm
Average depth: 0,000 mm
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Slatted floor, year,
axis:
Nr 16,
x-axis
1989

Carbonation depth at 70 cm from the edge

Depth: 0,410 mm

Depth: 0,326 mm

Depth: 0,424 mm
Average depth: 0,387 mm
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Slatted floor, year,
axis:
Nr 16,
y-axis
1989

Carbonation depth at 70 cm from the edge

Depth: 0,278 mm

Depth: 0,259 mm

Depth: 0,297 mm
Average depth: 0,278 mm
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Slatted floor, year,
axis:
Nr 17,
x-axis
1992

Carbonation depth at 70 cm from the edge

Depth: 2,740 mm

Depth: 2,759 mm

Depth: 2,866 mm
Average depth: 2,778 mm
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Slatted floor, year,
axis:
Nr 17,
y-axis
1992

Carbonation depth at 70 cm from the edge

Depth: 0,732 mm

Depth: 0,632 mm

Depth: 0,428 mm
Average depth: 0,597 mm
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Slatted floor, year,
axis:
Nr 18,
x-axis
1999

Carbonation depth at 70 cm from the edge

Depth: 1,465 mm

Depth: 1,481 mm

Depth: 1,448 mm
Average depth: 1,465 mm
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Slatted floor, year,
axis:
Nr 18,
y-axis
1999

Carbonation depth at 70 cm from the edge

Depth: 2,355 mm

Depth: 2,363 mm

Depth: 2,201 mm
Average depth: 2,306 mm
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APPENDIX 4: Carbonation depth in the middle of the
sample
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Slatted floor, year,
axis:
Nr 3, 2006 x-axis

Carbonation depth in the middle of the slatted floor

Depth: 0,547 mm

Depth: 0,897 mm

Depth: 0,820 mm
Average depth: 0,755 mm
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Slatted floor, year,
axis:
Nr 3, 2006 y-axis

Carbonation depth in the middle of the slatted floor

Depth: 1,266 mm

Depth: 1,787 mm

Depth: 1,285 mm
Average depth: 1,446 mm
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Slatted floor, year,
axis:
Nr 5, 1989 x-axis

Carbonation depth in the middle of the slatted floor

Depth: 0,607 mm

Depth: 0,641 mm

Depth: 0,603 mm
Average depth: 0,617 mm
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Slatted floor, year,
axis:
Nr 5, 1989 y-axis

Carbonation depth in the middle of the slatted floor

Depth: 0,952 mm

Depth: 0,913 mm

Depth: 0,933 mm
Average depth: 0,933 mm
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Slatted floor, year,
axis:
Nr 10,
x-axis
2015

Carbonation depth in the middle of the slatted floor

Depth: 0,603 mm

Depth: 0,314 mm

Depth: 0,412 mm
Average depth: 0,443 mm
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Slatted floor, year,
axis:
Nr 10,
y-axis
2015

Carbonation depth in the middle of the slatted floor

Depth: 0,292 mm

Depth: 0,311 mm

Depth: 0,278 mm
Average depth: 0,294 mm
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Slatted floor, year,
axis:
Nr 11,
x-axis
1992

Carbonation depth in the middle of the slatted floor

Depth: 4,415 mm

Depth: 4,728 mm

Depth: 4,406 mm
Average depth: 4,516 mm
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Slatted floor, year,
axis:
Nr 11,
y-axis
1992

Carbonation depth in the middle of the slatted floor

Depth: 1,749 mm

Depth: 1,806 mm

Depth: 2,287 mm
Average depth: 1,947 mm
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Slatted floor, year,
axis:
Nr 13,
x-axis
1999

Carbonation depth in the middle of the slatted floor

Depth: 0,933 mm

Depth: 0,913 mm

Depth: 1,078 mm
Average depth: 0,975 mm
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Slatted floor, year,
axis:
Nr 13,
y-axis
1999

Carbonation depth in the middle of the slatted floor

Depth: 0,644 mm

Depth: 1,010 mm

Depth: 1,302 mm
Average depth: 0,985 mm

Appendix 4, page 11: (11)
Hermansson & Nilsson

APPENDIX 5: Carbonation depth at the edge of the sample
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Slatted floor, year,
axis:
Nr 2, 2006 x-axis

Carbonation depth at the edge

Depth: 1,224 mm

Depth: 1,186 mm

Depth: 0,940 mm
‘Average depth: 1,117 mm
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Slatted floor, year,
axis:
Nr 2, 2006 y-axis

Carbonation depth at the edge

Depth: 0,194 mm

Depth: 0,178 mm

Depth: 2,362 mm
Average depth: 0,911 mm
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Slatted floor, year,
axis:
Nr 3, 2006 x-axis

Carbonation depth at the edge

Depth: 1,528 mm

Depth: 1,150 mm

Depth: 0,933 mm
Average depth: 1,204 mm
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Slatted floor, year,
axis:
Nr 3, 2006 y-axis

Carbonation depth at the edge

Depth: 1,033 mm

Depth: 1,030 mm

Depth: 0,646 mm
Average depth: 0,903 mm
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Slatted floor, year,
axis:
Nr 5, 1989 x-axis

Carbonation depth at the edge

Depth: 0,447 mm

Depth: 0,408 mm

Depth: 0,467 mm
Average depth: 0,441 mm
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Slatted floor, year,
axis:
Nr 5, 1989 y-axis

Carbonation depth at the edge

Depth: 0,335 mm

Depth: 0,410 mm

Depth: 0,526 mm
Average depth: 0,424 mm
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Slatted floor, year,
axis:
Nr 10,
x-axis
2015

Carbonation depth at the edge

Depth: 0,000 mm

Depth: 0,331 mm

Depth: 0,214 mm
Average depth: 0,182 mm
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Slatted floor, year,
axis:
Nr 10,
y-axis
2015

Carbonation depth at the edge

Depth: 0,000 mm

Depth: 0,000 mm

Depth: 0,000 mm
Average depth: 0,000 mm
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Slatted floor, year,
axis:
Nr 11,
x-axis
1992

Carbonation depth at the edge

Depth: 0,857 mm

Depth: 0,972 mm

Depth: 0,837 mm
Average depth: 0,889 mm
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Slatted floor, year,
axis:
Nr 11,
y-axis
1992

Carbonation depth at the edge

Depth: 0,331 mm

Depth: 0,759 mm

Depth: 0,762 mm
Average depth: 0,617 mm
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Slatted floor, year,
axis:
Nr 13,
x-axis
1999

Carbonation depth at the edge

Depth: 0,412 mm

Depth: 0,565 mm

Depth: 1,224 mm
Average depth: 0,734 mm
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Slatted floor, year,
axis:
Nr 13,
y-axis
1999

Carbonation depth at the edge

Depth: 0,236 mm

Depth: 0,253 mm

Depth: 0,000 mm
Average depth: 0,163 mm
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Slatted floor, year,
axis:
Nr 15,
x-axis
2015

Carbonation depth at the edge

Depth: 0,000 mm

Depth: 0,000 mm

Depth: 0,000 mm
Average depth: 0,000 mm
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Slatted floor, year,
axis:
Nr 15,
y-axis
2015

Carbonation depth at the edge

Depth: 0,000 mm

Depth: 0,000 mm

Depth: 0,000 mm
Average depth: 0,000 mm
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Slatted floor, year,
axis:
Nr 16,
x-axis
1989

Carbonation depth at the edge

Depth: 0,000 mm

Depth: 0,000 mm

Depth: 0,000 mm
Average depth: 0,000 mm
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Slatted floor, year,
axis:
Nr 16,
y-axis
1989

Carbonation depth at the edge

Depth: 0,217 mm

Depth: 0,236 mm

Depth: 0,261 mm
Average depth: 0,238 mm
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Slatted floor, year,
axis:
Nr 17,
x-axis
1992

Carbonation depth at the edge

Depth: 0,622 mm

Depth: 0,719 mm

Depth: 0,565 mm
Average depth: 0,635 mm
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Slatted floor, year,
axis:
Nr 17,
y-axis
1992

Carbonation depth at the edge

Depth: 0,526 mm

Depth: 0,725 mm

Depth: 0,808 mm
Average depth: 0,686 mm
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Slatted floor, year,
axis:
Nr 18,
x-axis
1999

Carbonation depth at the edge

Depth: 4,154 mm

Depth: 3,914 mm

Depth: 4,105 mm
Average depth: 4,058 mm
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Slatted floor, year,
axis:
Nr 18,
y-axis
1999

Carbonation depth at the edge

Depth: 1,319 mm

Depth: 1,497 mm

Depth: 3,478 mm
Average depth: 2,098 mm
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APPENDIX 6: Estimated service time
Calculating the remaining life span before the reinforcement begins to
corrode due to carbonation.
The carbonation depth is calculated according:
𝐷 = 𝑘 ⋅ 𝑡𝑛

(1)

Since the carbonation depth is already known through testing the factor k is
broken out:
𝐷
(2)
𝑘= 𝑛
𝑡
𝑡 = 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑦𝑒𝑎𝑟𝑠
𝑛 = 0,5
The carbonation depth D can be found in the table below for each slatted
floor:
Nr, axis:

2:

70 mm
from edge

In the
middle of
slab

At the
edge

Average value
Each axis

x-axis

1,739

1,117

1,428

y-axis

0,294

0,911

0,6025

1,204

0,9795

Whole
slab, 𝐃:
1,01525

3:

x-axis

0,755

1,077
5:

y-axis

1,446

0,903

1,1745

x-axis

0,617

0,441

0,529
0,60375

y-axis

0,933

0,424

0,6785

10: x-axis

0,443

0,184

0,3135
0,23025

y-axis

0,294

-

0,147

11: x-axis

4,516

0,889

2,7025
1,99225

y-axis

1,947

0,617

1,282

13: x-axis

0,975

0,734

0,7975
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0,70475

y-axis
15: x-axis

0,985
0,065

0,163

0,574

-

0,0325
0,01625

y-axis
16: x-axis

-

-

-

0,387

-

1,935
1,09675

y-axis

0,278

0,238

0,2585

17: x-axis

2,778

0,635

1,7065
1,174

y-axis

0,597

0,686

0,6415

18: x-axis

1,465

4,058

2,7615
2,48175

y-axis

2,306

2,098

2,202

Calculating the factor k according to Equation 2:
Nr, year:

t [years]

k

2, 2006

10

0,32105

3, 2006

10

0,34058

5, 1989

27

0,11619

10, 2015

1

0,23025

11, 1992

24

0,40667

13, 1999

17

0,170927

15, 2015

1

0,01625

16, 1989

27

0,21107

17, 1992

24

0,23964

18, 1999

17

0,60191

Appendix 6, page 2: (4)
Hermansson & Nilsson

The total life span is calculated through the same Equation 1 but instead of
D, the thickness of the layer of concrete covering the reinforcement is taken
in consideration. Since all other factors expect t life is known, the equation is
shifted to break out t life.
1

𝑥𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑙𝑎𝑦𝑒𝑟 = 𝑘 ⋅ 𝑡𝑙𝑖𝑓𝑒 2 →
𝑥𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑙𝑎𝑦𝑒𝑟 2
→ 𝑡𝑙𝑖𝑓𝑒 = (
)
𝑘

(3)

𝑥𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑙𝑎𝑦𝑒𝑟 = 25𝑚𝑚
Nr, year:

𝑡𝑙𝑖𝑓𝑒 [years]

2, 2006

6 063,66

3, 2006

5 388,18

5, 1989

46 295,90

10, 2015

11 789,10

11, 1992

3 779,16

13, 1999

21 392,36

15, 2015

2 366 863,91

16, 1989

14 029,01

17, 1992

10 883,32

18, 1999

1 725,11
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The reinforcement and concrete are assumed to have full interaction with each
other and either one or both of them to be plastic.
The years the slabs already been in use is subtracted from 𝑡𝑙𝑖𝑓𝑒 to know their
remaining life span:
𝑡𝑟𝑒𝑚.𝑙𝑖𝑓𝑒 = 𝑡𝑙𝑖𝑓𝑒 − 𝑡
t [years]

𝑡𝑟𝑒𝑚.𝑙𝑖𝑓𝑒 [years]

2, 2006

10

6 053,66

3, 2006

10

5 378,18

5, 1989

27

46 268,90

10, 2015

1

11 788,10

11, 1992

24

3 755,16

13, 1999

17

21 375,36

15, 2015

1

2 366 862,91

16, 1989

27

14 002,01

17, 1992

24

10 859,32

18, 1999

17

1 708,11
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APPENDIX 7: Ocular investigation of corrosion
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Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 2, 2006

Corrosion can be observed.
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Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 3, 2006

Corrosion can be observed.
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Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 5, 1989

Corrosion can be observed.
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Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 10, 2015

Corrosion can be observed.
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Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 11, 1992

Corrosion can be observed.

Appendix 7, page 6: (11)
Hermansson & Nilsson

Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 13, 1999

No corrosion can be observed.

Appendix 7, page 7: (11)
Hermansson & Nilsson

Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 15, 2015

No corrosion can be observed.
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Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 16, 1989

,

No corrosion can be observed.
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Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 17, 1992

Corrosion can be observed.
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Slatted floor, year:

Samples taken from the outer edge of the slab; Visual observation if the
steel bars have been affected of corrosion.

Nr 18, 1999

Corrosion can be observed.
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APPENDIX 8: Design through testing
Determination of the characteristic value can be done by the following
equation:
𝑋𝑑 =

𝜂𝑑
𝑚 {1 − 𝑘𝑛 𝑉𝑥 }
𝛾𝑚 𝑥

(1)

𝜂𝑑 =1,0
𝛾𝑚 =1,0
𝑚𝑥 =17,630 kN
The value of 𝑘𝑛 is taken from table D.1 in Eurocode 0.

𝑉𝑥 𝑘𝑛𝑜𝑤𝑛
⟶ 𝑘𝑛 = 1,688
𝑛 = 18
𝑠𝑥 2 =

1
∑(𝑥𝑖 − 𝑚𝑥 )2
𝑛−1

(2)

(The individual test results 𝑥𝑖 can be found in Appendix 1.)
Equation 2 gives sx = 1,239
𝑉𝑥 =

𝑠𝑥
1,239
=
⟶ 𝑉𝑥 = 0,070
𝑚𝑥 17,630

Equation 1 gives:
𝑋𝑑 =

1,0
17,630{1 − 1,688 ⋅ 0,070} ⟶ 𝑋𝑑 = 10,365 kN
1,0

The characteristic value is (𝐆𝐤 =)𝐗 𝐝 = 𝟏𝟎, 𝟑𝟔𝟓 𝐤𝐍.

Determination of the dimensioning value for verification of the ultimate
limit state can be done by the following equation:
(3)

𝑋𝑑 = 𝜂𝑑 𝑚𝑥 {1 − 𝑘𝑑,𝑛 𝑉𝑥 }

The value of 𝑘𝑑,𝑛 is taken from table D.2 in Eurocode 0.
𝑉𝑥 𝑘𝑛𝑜𝑤𝑛
⟶ 𝑘𝑑,𝑛 = 3,174
𝑛 = 18
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Equation 3 gives:
𝑋𝑑 = 1,0 ⋅ 17,630{1 − 3,174 ⋅ 0,070} ⟶ 𝑋𝑑 = 13,713 kN
The dimensioning value is (𝐆𝐝 =) 𝐗 𝐝 = 𝟏𝟑, 𝟕𝟏𝟑 𝐤𝐍.
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APPENDIX 9: Design through calculations – Reinforced
concrete

Material parameters:
Concrete, strength grade C45/55:

Steel bars, quality B500B:

𝑓𝑐𝑘 = 45 𝑀𝑃𝑎

𝑓𝑦𝑘 = 500 𝑀𝑃𝑎

𝛼𝑐𝑐 = 0,1

𝛾𝑠 = 1,15

𝛾𝑐 = 1,5
𝑓𝑐𝑑 = 𝛼𝑐𝑐 ⋅

𝑓𝑦𝑑 =
𝑓𝑐𝑘
⟶ 𝑓𝑐𝑑 = 30 𝑀𝑃𝑎
𝛾𝑐

𝛼 = 0,810
𝛽 = 0,416
𝜀𝑐𝑢 = 0,0035

𝑓𝑦𝑘
⟶ 𝑓𝑦𝑑 = 434,7826087 𝑀𝑃𝑎
𝛾𝑠

𝐸𝑠 = 200 𝐺𝑃𝑎
𝜀𝑠𝑦𝑑 =

𝑓𝑦𝑑
⟶ 𝜀𝑠𝑦𝑑 = 0,002173913
𝐸𝑠

Clamping force upper steel bar - 14
kN/bar
Clamping force lower steel bar - 28
kN/bar
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𝑙 = 𝑙𝑒𝑛𝑔ℎ𝑡

⟶ 𝑙 = 2,235 𝑚

ℎ = ℎ𝑖𝑔ℎ𝑡

⟶ ℎ = 0,150 𝑚

𝑐𝑛𝑜𝑚 = 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑙𝑎𝑦𝑒𝑟 (𝑙𝑜𝑤𝑒𝑟 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡)

⟶ 𝑐𝑛𝑜𝑚 = 0,03275 𝑚

𝑏´ = 𝑢𝑝𝑝𝑒𝑟 𝑤𝑖𝑑ℎ𝑡

⟶ 𝑏´ = 0,125 𝑚

𝑏 = 𝑙𝑜𝑤𝑒𝑟 𝑤𝑖𝑑ℎ𝑡

⟶ 𝑏 = 0,070 𝑚

𝑎 = 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑙𝑎𝑦𝑒𝑟 (𝑢𝑝𝑝𝑒𝑟 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡)

⟶ 𝑎 = 0,02825 𝑚

𝑛´ = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑝𝑝𝑒𝑟 𝑝𝑎𝑟𝑡

⟶ 𝑛´ = 2

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑙𝑜𝑤𝑒𝑟 𝑝𝑎𝑟𝑡

⟶ 𝑛=3

𝜙 = 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠

⟶ 𝜙 = 0,0065 𝑚

𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑖𝑑ℎ𝑡 =

𝑏´ + 𝑏
2

𝑑 = 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑖𝑔ℎ𝑡 = ℎ − 𝑐𝑛𝑜𝑚 −

⟶ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 0,0975 𝑚

𝜙
2

𝐴𝑐𝑟𝑜𝑠𝑠 = 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 = ℎ ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝐴𝑠𝑖 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑜𝑛𝑒 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟 =

𝜋 ⋅ 𝜙2
4

⟶ 𝑑 = 0,114 𝑚
⟶ 𝐴𝑐𝑟𝑜𝑠𝑠 = 0,014625 𝑚2
⟶ 𝐴𝑠𝑖 = 3,31830724 ⋅ 10−5 𝑚2

𝐴𝑠 ´ = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑢𝑝𝑝𝑒𝑟 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠 = 𝑛´ ⋅ 𝐴𝑠𝑖

⟶ 𝐴𝑠 ´ = 6,636614481 ⋅ 10−5 𝑚2

𝐴𝑠 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑜𝑤𝑒𝑟 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠 = 𝑛 ⋅ 𝐴𝑠𝑖

⟶ 𝐴𝑠 = 9,954921721 ⋅ 10−5 𝑚2
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Test line-up:
The slab is designed through following line-up, see picture below, where it is
simply supported and charged with a self-weight from the slab (Ed) and two
similar actions (F).

Analysis using theoretical values and design according to Eurocode:
Calculation of moment and shear forces:
The self-weight of the slab (Ed) and the two actions (F) are converted to
characteristics (gk, Gk) and designing values (gd, Gd).

𝜑𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
= 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑔𝑘 = 𝐴𝑐𝑟𝑜𝑠𝑠 ⋅ 𝜑𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒
𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑙𝑎𝑠𝑠 3 𝑔𝑖𝑣𝑒𝑠

⟶

𝜑𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 24000 𝑁/𝑚3

⟶
⟶

𝑔𝑘 = 351 𝑁/𝑚
𝛾𝑑 = 1
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Self-weight:
𝐸𝑑 = 𝑔𝑑
𝑆𝑇𝑅 (𝑎) 𝑔𝑑 = 𝛾𝑑 ⋅ 1,35 ⋅
𝑔𝑘
𝑆𝑇𝑅 (𝑏) 𝑔𝑑 = 𝛾𝑑 ⋅ 1,2 ⋅ 𝑔𝑘

⟶

𝑔𝑑 = 473,85 𝑁/𝑚

⟶

𝑔𝑑 = 421,20 𝑁/𝑚

Action:
F is assumed to be a fixed action
𝑆𝑇𝑅 (𝑎) 𝐺𝑑 = 𝛾𝑑 ⋅ 1,35
⟶ 𝐺𝑑 = 1,35𝐺𝑘 𝑁/𝑚
⋅ 𝐺𝑘
The support action (RA) is calculated by combining different elemental cases
(Lastfall, Limträdimensioner, Tibnors katalog (IPE, HEA, HEB, VKR),
Håldäcksbjälklag, Överslag massivträbjälklag, n.d):
Self-weight:

Elemental case 3 gives:
𝑞⋅𝐿
2
𝑔𝑑 ⋅ 𝑙
=
2

𝑅𝑎1 =
𝑅𝑎1

⟶

𝑅𝑎1 = 529,527375 𝑁

Action:

Elemental case 2 gives:
𝑅𝑎2 =

𝑃⋅𝑏
𝐿
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𝐺𝑑 ⋅ 𝑏1
⟶ 𝑅𝑎2
𝑙
1,35𝐺𝑘 ⋅ 1,49
=
2,235
𝑅𝑎2 =

⟶

𝑅𝑎2 = 0,9𝐺𝑘 𝑁

⟶

𝑅𝑎3 = 0,45𝐺𝑘 𝑁

Action:

Elemental case 2 gives:
𝑃⋅𝑏
𝐿
𝐺𝑑 ⋅ 𝑏2
𝑅𝑎3 =
⟶ 𝑅𝑎3
𝑙
1,35𝐺𝑘 ⋅ 0,745
=
2,235
𝑅𝑎3 =

The total support action is given by:
𝑅𝑎,𝑡𝑜𝑡 = 𝑅𝑎1 + 𝑅𝑎2 + 𝑅𝑎3 ⟶
𝑅𝑎,𝑡𝑜𝑡 = 529,527375 + 1,35𝐺𝑘 𝑁
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Split the slab in three sections to calculate moment- and shear forces:
The slab with all three sections looks like the picture below:

Section 1: 0<x<0,745 m

𝑅𝑎,𝑡𝑜𝑡 − 𝑔𝑑 ⋅ 𝑥 − 𝑉𝐸𝑑 = 0
𝑉𝐸𝑑 = 𝑅𝑎,𝑡𝑜𝑡 − 𝑔𝑑 ⋅ 𝑥
𝑉𝐸𝑑 = 529,527375 + 1,35𝐺𝑘 − 473,85 𝑥
𝑥
− 𝑅𝑎,𝑡𝑜𝑡 ⋅ 𝑥 = 0
2,0000
𝑥2
= 𝑅𝑎,𝑡𝑜𝑡 ⋅ 𝑥 − 𝑔𝑑 ⋅
2

𝑀𝐸𝑑 + 𝑔𝑑 ⋅ 𝑥 ⋅
𝑀𝐸𝑑

𝑀𝐸𝑑 = 529,527375𝑥 + 1,35𝐺𝑘 𝑥 − 236,925𝑥 2
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Section 2: 0,745<x<1,490 m

𝑅𝑎,𝑡𝑜𝑡 − 𝐺𝑑 − 𝑔𝑑 ⋅ 𝑥 − 𝑉𝐸𝑑 = 0
𝑉𝐸𝑑 = 𝑅𝑎,𝑡𝑜𝑡 − 𝐺𝑑 − 𝑔𝑑 ⋅ 𝑥
𝑉𝐸𝑑 = 529,527375 − 473,85𝑥
𝑥
+ 𝐺𝑑 ⋅ (𝑥 − 0,745) − 𝑅𝑎,𝑡𝑜𝑡 ⋅ 𝑥 = 0
2
𝑥2
= 𝑅𝑎,𝑡𝑜𝑡 ⋅ 𝑥 − 𝑔𝑑 ⋅ − 𝐺𝑑 ⋅ (𝑥 − 0,745)
2

𝑀𝐸𝑑 + 𝑔𝑑 ⋅ 𝑥 ⋅
𝑀𝐸𝑑

𝑀𝐸𝑑 = 529,527375𝑥 − 236,925𝑥 2 + 1,00575𝐺𝑘
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Section 3: 1,490<x<2,235 m

𝑅𝑎,𝑡𝑜𝑡 − 𝐺𝑑 − 𝐺𝑑 − 𝑔𝑑 ⋅ 𝑥 − 𝑉𝐸𝑑 = 0
𝑉𝐸𝑑 = 𝑅𝑎,𝑡𝑜𝑡 − 2 ⋅ 𝐺𝑑 − 𝑔𝑑 ⋅ 𝑥
𝑉𝐸𝑑 = 529,527375 − 1,35𝐺𝑘 − 473,85𝑥
𝑀𝐸𝑑 + 𝑔𝑑 ⋅ 𝑥 ⋅

𝑥
+ 𝐺𝑑 ⋅ (𝑥 − 0,745) + 𝐺𝑑 ⋅ (𝑥 − 1,49) − 𝑅𝑎,𝑡𝑜𝑡 ⋅ 𝑥 = 0
2

𝑀𝐸𝑑 = 𝑅𝑎,𝑡𝑜𝑡 ⋅ 𝑥 − 𝑔𝑑 ⋅

𝑥2
− 𝐺𝑑 ⋅ (𝑥 − 0,745) − 𝐺𝑑 ⋅ (𝑥 − 1,49)
2

𝑀𝐸𝑑 = 529,527375𝑥 − 1,35𝐺𝑘 𝑥 − 236,925𝑥 2 + 3,01725𝐺𝑘

The maximal moment is obtained when 𝒙 =

𝒍
𝟐

⟶ 𝒙 = 𝟏, 𝟏𝟏𝟕𝟓 𝒎

𝑀𝐸𝑑 (𝑥 = 1,1175) = 529,527375 ⋅ 1,1175 − 236,925 ⋅ 1,11752 + 1,00575𝐺𝑘
𝑀𝐸𝑑 = 295,8734208 + 1,00575𝐺𝑘

The maximal shear force is obtained when 𝒙 = 𝟎 𝒎
𝑉𝐸𝑑 (𝑥 = 0) = 529,527375 + 1,35𝐺𝑘 − 473,85 ⋅ 0
𝑉𝐸𝑑 = 529,527375 + 1,35𝐺𝑘
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(1)

Calculation of bending moment capacity:

Hypothesis 1:
Tensile strength:
Assume that the reinforcement in the lower part is plastic
𝜎𝑠 = 𝑓𝑦𝑑
𝐹𝑠 = 𝜎𝑠 ⋅ 𝐴𝑠

⟶

𝐹𝑠 = 𝑓𝑦𝑑 ⋅ 𝐴𝑠

Compressive strength:
Assume that the reinforcement in the upper part is plastic
𝜎𝑠 ´ = 𝑓𝑦𝑑
𝐹𝑠 ´ = 𝜎𝑠 ´ ⋅ 𝐴𝑠 ´

⟶

𝐹𝑠 ´ = 𝑓𝑦𝑑 ⋅ 𝐴𝑠 ´

𝜎𝑐 = 𝛼 ⋅ 𝑓𝑐𝑑
𝐴𝑐 = 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥
𝐹𝑐 = 𝜎𝑐 ⋅ 𝐴𝑐

⟶

𝐹𝑐 = 𝛼 ⋅ 𝑓𝑐𝑑 ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥

Horizontal equilibrium is used to solve x from the Equation 2:
𝐹𝑐 + 𝐹𝑠 ´ − 𝐹𝑠 = 0

(2)

𝛼 ⋅ 𝑓𝑐𝑑 ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥 + 𝑓𝑦𝑑 ⋅ 𝐴𝑠 ´ − 𝑓𝑦𝑑
⋅ 𝐴𝑠 = 0
𝑥=

𝑓𝑦𝑑 ⋅ 𝐴𝑠 − 𝑓𝑦𝑑 ⋅ 𝐴𝑠 ´
𝛼 ⋅ 𝑓𝑐𝑑 ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒

⟶
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𝑥 = 0,0060894472 𝑚

Verify hypothesis 1:
Use trigonometry and similar triangles to solve s:

Lower reinforcement:
𝜀𝑐𝑢
𝜀𝑠
=
𝑥
𝑑−𝑥
𝜀𝑐𝑢
𝜀𝑠 = (𝑑 − 𝑥) ⋅ ( ) ⟶ 𝜀𝑠
𝑥
= 0,062023189
𝜀𝑠 ≥ 𝜀𝑠𝑦𝑑

0,062023189 ≥ 0,002173913

The assumption is correct and the reinforcement is plastic!
Upper reinforcement:
𝜀𝑐𝑢
𝜀𝑠 ´
=
𝑥
𝑥−𝑎
𝜀𝑐𝑢
𝜀𝑠 ´ = (𝑥 − 𝑎) ⋅ ( ) ⟶ 𝜀𝑠 ´
𝑥
= −0,0127371061
−0,0127371061 ≤ 0,002173913
𝜀𝑠 ´ ≥ 𝜀𝑠𝑦𝑑
The assumption is not correct and the reinforcement is elastic!
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Hypothesis 2:
Tensile strength:
Assume that the reinforcement in the lower part is plastic
𝜎𝑠 = 𝑓𝑦𝑑
𝐹𝑠 = 𝜎𝑠 ⋅ 𝐴𝑠

⟶

𝐹𝑠 = 𝑓𝑦𝑑 ⋅ 𝐴𝑠

Compressive strength:
Assume that the reinforcement in the upper part is elastic
𝜎𝑠 ´ = 𝐸𝑠 ´ ⋅ ℰ𝑠 ´
𝐹𝑠 ´ = 𝜎𝑠 ´ ⋅ 𝐴𝑠 ´
𝐹𝑠 ´ = 𝐸𝑠 ´ ⋅ ℰ𝑠 ´ ⋅ 𝐴𝑠 ´
𝜀𝑐𝑢
𝜀𝑠 ´ = (𝑥 − 𝑎) ⋅ ( )
𝑥

⟶

𝐹𝑠 ´ = 𝐸𝑠 ´ ⋅ ((𝑥 − 𝑎) ⋅ (

𝜀𝑐𝑢
))
𝑥

⋅ 𝐴𝑠 ´

𝜎𝑐 = 𝛼 ⋅ 𝑓𝑐𝑑
𝐴𝑐 = 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥
𝐹𝑐 = 𝜎𝑐 ⋅ 𝐴𝑐
⟶

𝐹𝑐 = 𝛼 ⋅ 𝑓𝑐𝑑 ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥

Horizontal equilibrium is used to solve x from the Equation 2:
𝐹𝑐 + 𝐹𝑠 ´ − 𝐹𝑠 = 0
𝜀𝑐𝑢
)) ⋅ 𝐴𝑠 ´ − 𝑓𝑦𝑑 ⋅ 𝐴𝑠 = 0
𝑥

𝛼 ⋅ 𝑓𝑐𝑑 ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥 + 𝐸𝑠 ´ ⋅ ((𝑥 − 𝑎) ⋅ (

0,0035
0,81 ⋅ 30 ⋅ 106 ⋅ 0,0975 ⋅ 𝑥 + 200 ⋅ 109 ⋅ ((𝑥 − 0,02825) ⋅ (
))
𝑥
⋅ 6,636614481 ⋅ 10−5 − 434,7826087 ⋅ 106 ⋅ 9,954921721
⋅ 10−5 = 0
0,0035
2369250𝑥 + 13273228,96 ⋅ ((𝑥 − 0,02825) ⋅ (
)) − 43282,26835
𝑥
=0
0,0035𝑥 − 9,8875 ⋅ 10−5
2369250𝑥 + 13273228,96 ⋅ (
) − 43282,26835 = 0
𝑥
2369250𝑥 + 46456,30136 −

1312,390513
− 43282,26835 = 0
𝑥

Appendix 9, page 11: (16)
Hermansson & Nilsson

2369250𝑥 + 3174,03301 −

1312,390513
=0
𝑥

Multiply the whole equation with x:
2369250𝑥 2 + 3174,03301𝑥 − 1312,390513 = 0
𝑥 2 + 0,0013396784𝑥 − 5,539265645 ⋅ 10−4 = 0
𝑥 = −6,698392 ⋅ 10−4 ± √(−6,698392 ⋅ 10−4 )2 + 5,539265645 ⋅ 10−4
𝑥 = −6,698392 ⋅ 10−4 ± 0,0235451746

⟶

𝑥
= 0,0228753354 𝑚
𝑥=
−0,0242150138 𝑚

Verify hypothesis 2:
Use trigonometry and similar triangles to solve s and s´:

Lower reinforcement:
𝜀𝑐𝑢
𝜀𝑠
=
𝑥
𝑑−𝑥
𝜀𝑐𝑢
𝜀𝑠 = (𝑑 − 𝑥) ⋅ ( ) ⟶ 𝜀𝑠
𝑥
= 0,0139423672
𝜀𝑠 ≥ 𝜀𝑠𝑦𝑑

0,0139423672 ≥ 0,002173913

The assumption is correct and the reinforcement is plastic!
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Upper reinforcement:
𝜀𝑐𝑢
𝜀𝑠 ´
=
𝑥
𝑥−𝑎
𝜀𝑐𝑢
𝜀𝑠 ´ = (𝑥 − 𝑎) ⋅ ( ) ⟶ 𝜀𝑠 ´
𝑥
= −8,22340996 ⋅ 10−4
𝜀𝑠 ´ ≤ 𝜀𝑠𝑦𝑑

−8,22340996 ⋅ 10−4 ≤ 0,002173913

The assumption is correct and the reinforcement is elastic!
Solve moment capacity:

𝑀𝐸𝑑 − 𝐹𝑐 ⋅ 𝑧 − 𝐹𝑠 ´ ⋅ (𝑑 − 𝑎) = 0

(3)

𝐹𝑐 = 𝛼 ⋅ 𝑓𝑐𝑑 ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥
𝑧 =𝑑−𝛽⋅𝑥
𝜀𝑐𝑢
𝐹𝑠 ´ = 𝐸𝑠 ´ ⋅ ((𝑥 − 𝑎) ⋅ ( )) ⋅ 𝐴𝑠 ´
𝑥
𝜀𝑐𝑢
)) ⋅ 𝐴𝑠 ´)
𝑥

𝑀𝐸𝑑 = 𝛼 ⋅ 𝑓𝑐𝑑 ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥 ⋅ (𝑑 − 𝛽 ⋅ 𝑥) + (𝐸𝑠 ´ ⋅ ((𝑥 − 𝑎) ⋅ (
⋅ (𝑑 − 𝑎)
𝑀𝐸𝑑 = 0,81 ⋅ 30 ⋅ 106 ⋅ 0,0975 ⋅ 0,0228753354
⋅ (0,114 − 0,416 ⋅ 0,0228753354 )
+ (200 ⋅ 109

0,0035
⋅ ((0,0228753354 − 0,02825) ⋅ (
))
0,0228753354
⋅ 6,636614481 ⋅ 10−5 ) ⋅ (0,114 − 0,02825)
𝑀𝐸𝑑 = 5662,752367 − 935,971568 = 4726,780799 𝑁𝑚
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At breaking point applies:
𝑀𝑅𝑑 = 𝑀𝐸𝑑

(4)

According to Equation 4:
𝑀𝑅𝑑 = 4726,780799 𝑁𝑚
The bending moment capacity at breaking point is 𝑀𝑅𝑑 = 4726,780799 𝑁𝑚.
Calculation of maximum action using moment capacity:
𝑀𝑅𝑑 ≥ 𝑀𝐸𝑑 (From Equation 1)
𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ≥ 𝐷𝑒𝑠𝑖𝑔𝑛𝑒𝑑 𝑚𝑜𝑚𝑒𝑛𝑡 (𝑎𝑡 𝑥 = 1,1175 𝑚)
4726,780799 ≥ 529,527375 ⋅ 1,1175 − 236,925 ⋅ 1,11752 + 1,00575𝐺𝑘
4726,780799 ≥ 295,8734208 + 1,00575𝐺𝑘
Solve Gk:
4726,780799 = 295,8734208
+ 1,00575𝐺𝑘
𝐺𝑘 =

4726,780799 − 295,8734208
1,00575

⟶

𝐺𝑘 = 4405,57532 𝑁

⟶

𝐺𝑑 = 5947,526682 𝑁

𝐺𝑑 = 𝛾𝑑 ⋅ 1,35 ⋅ 𝐺𝑘
Maximal action on F is 𝐺𝑘 = 4405,57532 𝑁 (characteristic value) and
𝐺𝑑 = 5947,526682 𝑁 (designing value).
When the value of Gk is given charts of shear and moment forces can be
produced:
Shear force calculated through sections:
Section 1: 0<x<0,745 m

𝑉𝐸𝑑 = 6477,054057 − 473,85𝑥

Section 2: 0,745<x<1,490 m

𝑉𝐸𝑑 = 529,527375 − 473,85𝑥

Section 3: 1,490<x<2,235 m

𝑉𝐸𝑑 = −5417,999307 − 473,85𝑥
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Moment force calculated through sections:
Section 1: 0<x<0,745 m

𝑀𝐸𝑑 = 6477,054057𝑥 − 236,925𝑥 2

Section 2: 0,745<x<1,490 m

𝑀𝐸𝑑 = 529,527375𝑥 − 236,925𝑥 2
+ 4430,907378

Section 3: 1,490<x<2,235 m

𝑀𝐸𝑑 = −5417,999307𝑥 − 236,925𝑥 2
+ 13292,72213

Length in meters
0
0,18625
0,3725
0,55875
0,745
0,745
0,93125
1,1175
1,30375
1,49
1,49
1,67625
1,8625
2,04875
2,235

Shear force in N
6477,054057
6388,799495
6300,544932
6212,29037
6124,035807
176,509125
88,2545625
0
-88,2545625
-176,509125
-6124,035807
-6212,29037
-6300,544932
-6388,799495
-6477,054057
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Moment force in Nm
0
1198,132612
2379,827812
3545,085599
4693,905974
4693,905974
4718,562093
4726,780799
4718,562093
4693,905974
4693,90597
3545,085595
2379,827807
1198,132608
0

Diagram of shear force:

Shear force
8000
6000
4000

Force [N]

2000

0
-2000
-4000
-6000
-8000

Length [m]

Diagram of moment force:

Moment force
5000
4500
4000

Force [Nm]

3500

3000
2500
2000
1500
1000
500
0

Length [m]
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APPENDIX 10: Design through calculations – Pre-stressed
concrete
In the Design of pre-stressed slatted floors the same equation for the maximal
moment, as in the Design of reinforced slatted floors, are used:
𝑀𝐸𝑑 = 295,8734208 + 1,00575𝐺𝑘

Material parameters:
Concrete, strength grade C45/55:

Steel bars, quality Y1860S3:

𝑓𝑐𝑘 = 45 𝑀𝑃𝑎

𝑓𝑝01𝑘 = 1630 𝑀𝑃𝑎

𝛼𝑐𝑐 = 0,1

𝛾𝑠 = 1,15

𝛾𝑐 = 1,5
𝑓𝑐𝑑 = 𝛼𝑐𝑐 ⋅

𝑓𝑝𝑑 =
𝑓𝑐𝑘
⟶ 𝑓𝑐𝑑 = 30 𝑀𝑃𝑎
𝛾𝑐

𝐸𝑠
𝛼=
⟶ 𝛼 = 5,556 𝑀𝑃𝑎
𝐸𝑐𝑚
𝜀𝑐𝑖 = 𝜀𝑐𝑢 = 0,0035
𝐸𝑐𝑚 = 36 𝐺𝑃𝑎

𝑓𝑝01𝑘
⟶ 𝑓𝑝𝑑
𝛾𝑠
= 1417,391304 𝑀𝑃𝑎

𝐸𝑠 = 200 𝐺𝑃𝑎
𝜀𝑠𝑦𝑑 =

𝑓𝑝𝑑
⟶ 𝜀𝑠𝑦𝑑 = 0,0070869565
𝐸𝑠

Clamping force upper steel bar - 14
kN/bar
Clamping force lower steel bar - 28
kN/bar

𝑙 = 𝑙𝑒𝑛𝑔ℎ𝑡

⟶ 𝑙 = 2,235 𝑚
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ℎ = ℎ𝑖𝑔ℎ𝑡

⟶ ℎ = 0,150 𝑚

𝑐𝑛𝑜𝑚 = 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑙𝑎𝑦𝑒𝑟 (𝑙𝑜𝑤𝑒𝑟 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡)

⟶ 𝑐𝑛𝑜𝑚
= 0,03275 𝑚

𝑏´ = 𝑢𝑝𝑝𝑒𝑟 𝑤𝑖𝑑ℎ𝑡

⟶ 𝑏´ = 0,125 𝑚

𝑏 = 𝑙𝑜𝑤𝑒𝑟 𝑤𝑖𝑑ℎ𝑡

⟶ 𝑏 = 0,070 𝑚

𝑑´ = 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 𝑙𝑎𝑦𝑒𝑟 (𝑢𝑝𝑝𝑒𝑟 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑚𝑒𝑛𝑡)

⟶ 𝑑´ = 0,02825 𝑚

𝑛´ = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑝𝑝𝑒𝑟 𝑝𝑎𝑟𝑡

⟶ 𝑛´ = 2

𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠 𝑖𝑛 𝑡ℎ𝑒 𝑙𝑜𝑤𝑒𝑟 𝑝𝑎𝑟𝑡

⟶ 𝑛=3

𝜙 = 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠

⟶ 𝜙 = 0,0065 𝑚

𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑤𝑖𝑑ℎ𝑡 =

𝑏´ + 𝑏
2

𝑑𝑠 = 𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 ℎ𝑖𝑔ℎ𝑡 = ℎ − 𝑐𝑛𝑜𝑚 −

⟶ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒
= 0,0975 𝑚
𝜙
2

𝐴𝑐𝑟𝑜𝑠𝑠 = 𝑐𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 = ℎ ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝜋 ⋅ 𝜙2
𝐴𝑠𝑖 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑜𝑛𝑒 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟 =
4
𝐴𝑠 ´ = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑢𝑝𝑝𝑒𝑟 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠 = 𝑛´ ⋅ 𝐴𝑠𝑖
𝐴𝑠 = 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑜𝑤𝑒𝑟 𝑠𝑡𝑒𝑒𝑙 𝑏𝑎𝑟𝑠 = 𝑛 ⋅ 𝐴𝑠𝑖
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⟶ 𝑑𝑠 = 0,114 𝑚
⟶ 𝐴𝑐𝑟𝑜𝑠𝑠
= 0,014625 𝑚2
⟶ 𝐴𝑠𝑖
= 3,31830724
⋅ 10−5 𝑚2
⟶ 𝐴𝑠 ´
= 6,636614481
⋅ 10−5 𝑚2
⟶ 𝐴𝑠
= 9,954921721
⋅ 10−5 𝑚2

Calculation of bending moment capacity:

To solve x following equations has been used:
𝜎´𝑠𝑖 ⋅ 𝐴´𝑠 +

(2)

𝑑𝑠 − 𝑥
𝜎𝑐𝑖
𝑥

(3)

𝜎𝑝𝑖 =△ 𝜎𝑝 + 𝜎𝑝0𝑖 = 𝛼
𝜎𝑝0𝑖 =

(1)

𝑥 − 𝑑´
𝜎𝑐𝑖
𝑥

𝜎´𝑠𝑖 = 𝛼
𝜎𝑠𝑖 = 𝛼

𝜎𝑐𝑖 ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥
= 𝜎𝑝𝑖 ⋅ 𝐴𝑝 + 𝜎𝑠𝑖 ⋅ 𝐴𝑠
2

𝑑𝑝 − 𝑥
𝜎𝑐𝑖 + 𝜎𝑝0𝑖
𝑥

𝑃0𝑖
𝐴𝑝

(4)

(5)

Where:
𝑃0𝑖 = 𝑡𝑜𝑡𝑎𝑙 𝑐𝑙𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒
𝐴𝑝 = total area of the steel bars = 𝐴𝑠 ´ + 𝐴𝑠
The following assumptions have been made:
The cracks occur in the compressive zone:
𝜎𝑐𝑖 = 𝑎𝑐𝑐𝑜𝑟𝑖𝑛𝑔 𝑡𝑜 𝐴𝑏𝑒𝑡𝑜𝑛𝑔
𝑃0𝑖,𝑢𝑝 (𝑑𝑝 − 𝑑´) = 𝑃0𝑖,𝑑𝑜𝑤𝑛 (𝑑𝑠 − 𝑑𝑝 )
𝑃0𝑖,𝑢𝑝 = Clamping force upper steel bar ⋅ 𝑛´
𝑃0𝑖,𝑑𝑜𝑤𝑛 = Clamping force lower steel bar ⋅ 𝑛
Solve 𝑑𝑝
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⟶
⟶

𝑃0𝑖 = 112 𝑘𝑁
𝐴𝑝 = 1,65915362 ⋅ 10−4

⟶

𝜎𝑐𝑖 = 50 𝑀𝑃𝑎

⟶
⟶

𝑃0𝑖,𝑢𝑝 = 28 𝑘𝑁
𝑃0𝑖,𝑑𝑜𝑤𝑛 = 84 𝑘𝑁

⟶

𝑑𝑝 = 0,0925625 𝑚

𝑑𝑝 =

𝑃0𝑖,𝑑𝑜𝑤𝑛 ⋅ 𝑑𝑠 + 𝑃0𝑖,𝑢𝑝 ⋅ 𝑑´
𝑃0𝑖,𝑢𝑝 + 𝑃0𝑖,𝑑𝑜𝑤𝑛

Equation 2, 3 and 4 gives:
𝜎´𝑠𝑖 = 5,556 ⋅

𝜎𝑠𝑖 = 5,556 ⋅

𝜎𝑝𝑖 = 5,556 ⋅

𝑥 − 0,02825
⋅ 50 ⋅ 106
𝑥

0,114 − 𝑥
⋅ 50 ⋅ 106
𝑥
0,0925625 − 𝑥
⋅ 50 ⋅ 106
𝑥
112000
+
1,65915362 ⋅ 10−4

⟶

⟶

⟶

𝜎´𝑠𝑖 = 277800000 −

7847850
𝑥

𝜎𝑠𝑖 =

31669200
− 277800000
𝑥

𝜎𝑝𝑖 =

25713862,5
𝑥
− 397242977,6

Solve x through Equation 1:
7847850
50 ⋅ 106 ⋅ 0,0975 ⋅ 𝑥
) ⋅ (6,636614481 ⋅ 10−5 ) +
𝑥
2
25713862,5
=(
− 397242977,6) ⋅ (1,65915362 ⋅ 10−4 )
𝑥
31669200
+(
− 277800000) ⋅ 9,954921721 ⋅ 10−5
𝑥

(277800000 −

520,8315495
+ 2437500𝑥
𝑥
4266,324805
3152,64407
=
− 65908,71243 +
𝑥
𝑥
− 27654,77254

18436,51503 −

18436,51503 −

520,8315495
7418,968875
+ 2437500𝑥 =
− 93563,48497
𝑥
𝑥

Multiply the whole equation with x:
2437500𝑥 2 + 18436,51503𝑥 − 520,8315495
= −93563,48497𝑥 + 7418,968875
2437500𝑥 2 + 112000𝑥 − 7939,800425 = 0
𝑥 2 + 0,0459487179 − 0,003257354 = 0
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𝑥 = −0,022974359 ± √0,0229743592 + 0,003257354
𝑥 = −0,022974359 ± 0,0615237773
𝑥 = 0,0385494183 𝑚
𝑥 = −0,0844981363 𝑚

Verify the assumption that the cracks occur in the compressive zone, and
control that the concrete is elastic:
Use trigonometry and similar triangles to solve s and s´ :

Lower reinforcement:
𝜀𝑐𝑖
𝜀𝑠
=
𝑥
𝑑𝑠 − 𝑥

𝜀𝑐𝑖
) ⟶ 𝜀𝑠
𝑥
= 0,0068503507

𝜀𝑠 = (𝑑𝑠 − 𝑥) ⋅ (

0,0068503507 ≤ 0,0070869565
𝜀𝑠 ≤ 𝜀𝑠𝑦𝑑
The assumption is correct and the reinforcement is elastic!
Upper reinforcement:
𝜀𝑐𝑖
𝜀𝑠 ´
=
𝑥
𝑥 − 𝑑´
𝜀𝑐𝑖
𝜀𝑠 ´ = (𝑥 − 𝑑´) ⋅ ( ) ⟶ 𝜀𝑠 ´
𝑥
= 0,0009351104541
𝜀𝑠 ´ ≤ 𝜀𝑠𝑦𝑑

0,0009351104541
≤ 0,0070869565

The assumption is correct and the reinforcement is elastic!
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Calculate the bending moment capacity through following equation:
𝜎𝑐𝑖 ⋅ 𝑏𝑎𝑣𝑒𝑟𝑎𝑔𝑒 ⋅ 𝑥
𝑀 = 𝜎´𝑠𝑖 ⋅ 𝐴´𝑠 ⋅ (𝑑𝑝 − 𝑑´) +
2
𝑥
⋅ (𝑑𝑝 − ) + 𝜎𝑠𝑖 ⋅ 𝐴𝑠 ⋅ (𝑑𝑠 − 𝑑𝑝 )
3

(6)

Equation 6 gives:
7847850
) ⋅ (6,636614481 ⋅ 10−5 )
0,0385494183
50 ⋅ 106 ⋅ 0,0975 ⋅ 0,0385494183
(0,0925625
)
⋅
− 0,02825 +
2
0,0385494183
⋅ (0,0925625 −
)
3
31669200
+(
− 277800000) ⋅ (9,954921721 ⋅ 10−5 )
0,0385494183
⋅ (0,114 − 0,0925625)

𝑀 = (277800000 −

𝑀 = 316,7882696 + 7490,140079 + 1160,34996
𝑀 = 8967,278309 𝑁𝑚
At breaking point applies:
𝑀𝑅𝑑 = 𝑀𝐸𝑑

⟶

𝑀𝑅𝑑 = 8967,278309 𝑁𝑚

The bending moment capacity at breaking point is 𝑀𝑅𝑑 = 8967,278309 𝑁𝑚.
Calculation of maximum action using moment capacity:
𝑀𝑅𝑑 ≥ 𝑀𝐸𝑑
𝐵𝑒𝑛𝑑𝑖𝑛𝑔 𝑚𝑜𝑚𝑒𝑛𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 ≥ 𝐷𝑒𝑠𝑖𝑔𝑛𝑒𝑑 𝑚𝑜𝑚𝑒𝑛𝑡 (𝑎𝑡 𝑥 = 1,1175 𝑚)
8967,278309 ≥ 529,527375 ⋅ 1,1175 − 236,925 ⋅ 1,11752 + 1,00575𝐺𝑘
8967,278309 ≥ 295,8734208 + 1,00575𝐺𝑘
Solve Gk:
8967,278309 = 295,8734208
+ 1,00575𝐺𝑘
𝐺𝑘 =

8967,278309 − 295,8734208
1,00575

𝐺𝑑 = 𝛾𝑑 ⋅ 1,35 ⋅ 𝐺𝑘

⟶

𝐺𝑘 = 8621,829369 𝑁

⟶

𝐺𝑑 = 11639,46965 𝑁
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Maximal action on F is𝐺𝑘 = 8621,829369 𝑁(characteristic value) and
𝐺𝑑 = 11639,46965 𝑁 (Design value).
When the value of Gk is given charts of shear and moment forces can be
produced:
Shear force calculated through sections:
Section 1: 0<x<0,745 m

𝑉𝐸𝑑 = 12168,99702 − 473,85 𝑥

Section 2: 0,745<x<1,490 m

𝑉𝐸𝑑 = 529,527375 − 473,85𝑥

Section 3: 1,490<x<2,235 m

𝑉𝐸𝑑 = −11109,94227 − 473,85𝑥

Moment force through sections:
Section 1: 0<x<0,745 m

𝑀𝐸𝑑 = 12168,99702𝑥 − 236,925𝑥 2

Section 2: 0,745<x<1,490 m

𝑀𝐸𝑑 = 529,527375𝑥 − 236,925𝑥 2
+ 8671,404888

Section 3: 1,490<x<2,235 m

𝑀𝐸𝑑 = −11109,94227𝑥 − 236,925𝑥 2
+ 26014,21466
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Length in meters
0
0,18625
0,3725
0,55875
0,745
0,745
0,93125
1,1175
1,30375
1,49
1,49
1,67625
1,8625
2,04875
2,235

Shear force in N
12168,99702
12080,74246
11992,4879
11904,23333
11815,97877
176,509125
88,2545625
0
-88,2545625
-176,509125
-11815,97877
-11904,23333
-11992,4879
-12080,74246
-12168,99702

Diagram of shear force:

Shear force
15000
10000

Force [N]

5000
0
-5000
-10000
-15000

Length [m]
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Moment force in Nm
0
2258,256989
4500,076565
6725,55239
8934,403482
8934,569992
8959,059603
8967,278309
8959,059603
8934,403484
8934,403485
6725,458733
4500,076569
2258,256992
0

Chart of the moment force:

Moment force
10000

9000
8000

Force [Nm]

7000
6000
5000
4000
3000
2000
1000
0

Length [m]
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