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The thesis was commissioned by an engineering company, to develop alternatives
and best practice for peak value management when analyzing concrete slab struc-
tures with FEM design software.

The purpose of the thesis was to find out various factors affecting the modelling
of the reinforced concrete slab and its dimensioning, and to solve the singularity
problems that affect the dimensioning of the reinforced concrete slab. The aim of
the thesis was to create a clear and easy-to-read guideline for the modelling of re-
inforced concrete slabs, focusing on the management of singularity values.

The thesis consists of a theoretical part, which explores acceptable ways to deal

with singularity values management, and a calculation part, where different ap-

proaches to the problem are tested using the FEM model and Excel calculations,
and compare the results obtained between these two.

The result of the thesis, the guideline for optimized concrete design taking into ac-
count the management of singularity values, is a confidential annex. The public
part of the thesis takes a stand on the correct FEM modelling of the reinforced
concrete slab and gives an insight on how to analyze singularity values when de-
signing a reinforced concrete slab.

Keywords Finite Element Method, mesh, singularity values and optimized re-
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1. INTRODUCTION

1.1 Background

The Client for this thesis is a technical engineering company, which provides professional
multi-discipline engineering and design services for the global energy and power indus-
try. The company consists of several different services; energy, oil & gas, process, civil,
manufacturing and vehicles. The Client’s Concrete group has invested in improved opti-

mization in their concrete design.

The Concrete team uses FEM software to model and calculate structures. Correctly used

FEM models provides data that can be used for cost-optimizing the structures.

This thesis studies how to manage best the singularity values in FEM when analyzing
concrete structures. The thesis focuses on finding the most cost—efficient solutions, to pro-

vide optimized concrete design for the Client’s end—customers.
1.2 Contents

The thesis consist of three main chapters: The literary part studies how to find out what
the accepted methods for FEA singularity value management are through, university
books and the RFEM software manual. The second part consists of an FEM model and
calculations. This part will concentrate on solving the correct ways to model the structure.
The third part is Excel calculations and a comparison between the FEM and Excel results.
Through these findings and results, the thesis studies what the optimal average area

around peak values is that gives the most realistic moment for reinforcement design.
1.3 Aims and Goals of the Thesis

The aim of this thesis is through comparisons, examinations and studying literature to
find the most optimized mesh size, giving the most cost-effective design, without com-
promising the structural safety. The aim is construction cost savings from an optimized
FEM analysis of reinforced concrete slabs. This leads to more satisfied customers for the

Client through better quality and cost.



The goal is to find proper methods for the FEM— analysis of concrete slabs, a topic that
has limited guidance in both the building code, our educational system and at designer
levels.

The result of the thesis is a confidential guide for the RFEM implementation. The public

thesis is an explanation of methods and resources for FEM in general.



2. LITERATURE REVIEW

2.1 General

The finite element method is commonly used in the civil sector for designing of the rein-
forcement in concrete slabs. Due to necessary simplifications in the model, unrealistic
concentrations of moments and shear forces will occur. To obtain an economical design
it is important to put deeper attention to these concentrations. The study focusses on solv-
ing the width, which is distributed over a certain length that gives realistic design moment.
11/

2.2 The Finite Element Method

In the Finite Element Method, a complex structure is subdivided into a finite number of

individual components. The components are referred to as “elements”. /4/
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Figure 1. Numerical analysis, Finite Element Method /redrawn 4/

It is possible to specify the relation between the nodal displacements of the elements and
their nodal reactions. In the FE method, all displacements, strains and stresses within an

element, as well as the resulting nodal forces, are treated as unknown variables to be
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solved by a series of algebraic equations. The result of the complete system comes from
the assembly of all of these calculated elements. The main task in the Finite Element
Method is to discover form functions that can best approximate the behavior of a special

structural element and also satisfy the compatibility condition. /4/
2.3 RFEM

RFEM is a powerful 3D FEA program for the analysis and design of plates, walls, shells,
solids, and frame structures. The program forms the basis of a modular software system:
RFEM is used to define internal forces, deformations, and support reactions for planar

and spatial structural systems with or without member and solid elements. /6/

FEA is a computer method of analysis that can be used by engineers to perform solutions

to a wide range of one—, two— and three— dimensional structural problems. /2/
2.4 Model Creation
2.4.1 Design Process

It is very important to remember that the designer has a strong impact on the FE analysis

results due the modelling of the structure and choices made during the modelling.

The correctly done model creation of reinforced concrete slab follows a certain path (see

Figure 2) and there are numerous issues to consider during the model creation.



START

Use hand methods to determine slab depth

v

| Carry out hand calculations to verify results to be obtained from the FE analysis |

Y
Ny
7 T~ No

Y

< Linear analysis?

Yes\I

1. Use long term elastic modulus
Eur = Est/6 for storage & plant loads &
Ei7 = Est/4 for office & residential loads
where Est = short term elastic modulus
Es7 can be obtained from Table 7.2 of BS 8110 Pt 2 or
Table 3.1 of BS EN 1992-1-1.

2. Alternatively check serviceability using span-to-effective-depth ratios.

v

Create model and run analysis

Non-linear analysis. Initially assume Asraqd = As, prov

v

Calculate the tensile strength and creep coefficients

v

Create model and run iterative cracked section analysis.
A stiffness matrix is required for both ULS and SLS

v

Check deflections are reasonable

v

Determine preliminary reinforcement layout and apply to model

v

v

Carry out verification checks

Run analysis again for both SLS and ULS

v

v

Determine area of steel required at ultimate limit state

Check deflections and stress in reinforcement — revise model
and run analysis again if necessary

v

Check deflection.
1. Refine Eyr if necessary and re-run analysis, or
2. Increase area of mid-span bottom reinforcement as required
to meet the span-to-effective-depth ratios.

v

Check transfer moments at edge and corner columns

A

v

Check punching shear

Figure 2. Design process when using FEA /redrawn 2/

v

When modelling the reinforced concrete structure, the designer needs to determine at

least:

The properties of used concrete
Type of the model

Element size and shape
Loading

Support conditions

Result interpretation /2/

When modelling the reinforced slab, standards determine regulations for plate structures

regarding size and direction of the reinforcement to be used.
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The following Figure 3 demonstrates the relation between the user—defined Type of

Model, the model for the design, and the element of structures according to the standard

EN 1992-1-1. Figure 3 shows the different elements of structures, which are used to de-

termine the size and direction of the minimum or maximum reinforcement in the standard

in question. /5/

Type of model

Type of element
acc. to standard:

Type of element
acc. to standard:

3D
Shell
Shell,
predominantly ar
curved

Wall

2D - XY
( uzloxigy)
Plate
Shell, Plate
predominantly
curyed
Plate

Figure 3. Choice of the model type /redrawn 5/

2.4.2 Meshing

2D - XZ
{ weuzigy)

Wall

all

2D - Xy
( uxluvigz)

Deep beam

The term ‘mesh’ describes the sub— division of surface members into elements as shown

in Figure 4. /2/

a) Surface member

b) Surface member divided into mesh

Figure 4. Surface divided into mesh /redrawn 2/

Several studies show that there is a dependency of chosen mesh size — the finer the mesh,

the higher the peak values of moments will arise. A finer mesh can give more accurate



results but the designer must have the knowledge to estimate, which results are usable for
the design and which are not. A finer mesh takes more time to analyse and it is subject to
the law of diminishing returns. It should be noted that the finer mesh gives higher peak
moments and can lead to over—dimensioning in concrete design, if the peak values are not

considered and understand correctly. /2/

It is also important to acknowledge that a coarse mesh does not always give a correct
demonstration of the forces. This is due to locations where the stresses change quickly in
a short space. These kind of locations are for example at certain type of supports, near

openings or under concentrated loads. /2/

The designer has to assess how fine or coarse the mesh should be. For sufficiently accu-
rate results, it is important to select the correct mesh size or at least, understand the results
and the influence of the mesh size on the peak values. There are no definite answer for
the ideal mesh size. A good starting point for elements can be considered a span/10 or

1000mm, depending on which gives a smallest value. /2 /

When assessing the right mesh size, it is good to remember that in an FE analysis of a
concrete slab, moments and cross—sectional forces tend to go towards the infinity upon
mesh refinement. In order to obtain sufficiently accurate results at these critical sections,
the mesh density around the point support node in a slab should be chosen so that there is
at least one shell element regardless of order, between the support node and the critical

cross-section. This mesh refinement is illustrated in Figure 5. /1/
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Figure 5. Mesh refinements around column support /redrawn 1/

2.4.3 Boundary Conditions

In reality, a structure does not show any singularities. The singularity problem is caused
by the inaccuracy of the boundary conditions of the model. Therefore, it is not always
important to calculate with the maximum value of the stresses. The support from a foun-
dation or other structural parts provides stiffness with respect to both translation and ro-
tation. It is easy to make a model error when modelling the support conditions. For ex-
ample, the line support to which the rotation is released, allows the outer edge of the slab
to rotate freely versus a slab with a rigid support, the results of the calculations differ
significantly. In reality, the support of the slab is somewhat in between a rigid and a

hinged support. /1, 4/

It is of high importance that the modelling of the support conditions is done correctly, to
ensure realistic bending moments at the supports and in the mid-span. In this way, the
column moments can be derived and the punching shear stress can be evaluated realisti-
cally. The model should also have a sufficient amount of mesh nodes in order to obtain
correct results. However, it is possible that the model contains too many nodes, especially
at supports, where the peak moments tend to be highlighted. /2/

It is good to know that singularity issues do not arise in cases where a slab is supported

by a line support. The element mesh still needs to be fine enough in order to give sufficient



results in the adjacent critical sections. In addition, it is recommended that at least one
element length is provided between the line support node and the critical cross section,
no matter the order of the shell element. As an alternative, one can use the maximum

moment and shear force at the line support as a sufficient approximation. /1/

The support conditions for slabs supported by bearings or columns are often modelled as
concentrated at single nodes. By doing so, the singularity is introduced in the solution.
The moments and sectional forces tend to go towards infinity upon the mesh refinement.
There are in two different ways to deal with this kind of problem: either the modeling of
the support can be improved to avoid the singularity, or the results in the failure-critical
sections adjacent to the supports can be evaluated. /1/

2.4.4 Problems with Model Creation

When using the RFEM software, the designer must pay attention to several important

points when modelling the concrete structure.

First, there are potential program errors. There are problems that may occur in a numerical
model due the necessary simplifications in it. Problems also can occur due the false as-

sumptions of the element behavior.

These are also the model errors to consider. FE analysis results are highly dependent on
the user and the chosen FE code. The designer must have a good knowledge of FEM and

software behavior to design the structure correctly enough to get sufficient results.

The designer must pay attention to material choices in the model. The calculation in the
concrete slab model are based on a linear elastic behavior. In reality, it is known that

concrete is a nonlinear material.

When modelling the structure, the load distributions are also a point of interest. The de-

signer must consider for example how to evaluate the concentrated load results properly.

The modelling of support conditions is when the model errors are very easily made. The
designer needs to model the support conditions with great care to ensure that resulting

bending moments in the mid— span and at the supports are realistic. /4, 2, 1/
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2.5 Stress Analysis
2.5.1 Moment Distribution

Moment distributions occur on top of columns and at receding walls. The problem is also

the dependency on the mesh fineness; the finer the mesh, the higher the peak.

One should not concentrate on the peak value itself, but on the area of the moment dia-
gram over the section. For this area, it is sufficient to consider a part of the section, which
extends to the left and right of the column. This is an average area, which gives the design

moment for the reinforcement calculations. /1, 3/

As Figure 6 illustrates: The area of the bending moment diagram should be the area of

interest. The designer should not pay too much attention to the peak bending moments.

Element size 0.25 m
Peak 156%
Aren 99 205G

Element size 0,50 m
Peak 128%
Area 98 9%

Element size 1,00 m
Feak 100%

Area 97.0%

Figure 6. The relation between mesh size and moment distribution /redrawn 3/



Figure 7. Moment peak value management /redrawn 3/

There are a couple ways to try to smooth out the peak moments. One example is
introduced in Figure 7: The plate length two times the column width at each side of the
column, in total five times the column width. The integral over this section part gives a

good estimate for the reinforcement which is needed in this section part. /1/

It needs to be noted that when modelling the supports in a simplified way, in single points
or for example along discrete lines, the maximum bending moments obtained from the
FE analysis will over—estimate the real moments. This does not mean that the modelling
of the supports should be done in a different way, it just has to be noted that this way of
modelling the supports gives peak moments that can be neglegted and smoothed out.
When studyin the bending moments in a slab over a support with a certain width, it will

be discovered that the bending moment has its maximum above the support. /1/
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Figure 8. Reinforcement moment’s redistribution /redrawn 3/

In Figure 8 w means a certain width, over which the reinforcement moments can be re-

distributed. The distribution widths at a support can be chosen from the recommendations

in Figure 9.

—
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%‘ = 0.15 (0.10 for concrete strength classes = C55/67)

Ty

—=0.0
d

Figure 9. ULS distribution width recommendations for a support /1/

Another way of reducing the peak moment values is introduced in the following Figure

10.
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Figure 10. Smoothing the bending moment /redrawn 4/

2.5.2 Smoothing of the Shear

There are no specific guidelines given for redistribution of shear forces from a linear FE
analysis in Eurocode 2. Additionally, very little scientifically based information has been

found in literature on the subject. /1/

There are some recommendations, which are based on the assumption that the reinforce-
ment concrete structures in ULS have good capabilities for plastic redistributions. It is
also assumed that the same method can be used for choosing the distribution widths for

shear forces that is used for the reinforcement moments. /1/

When starting to re— evaluate the shear force distribution, it has to be taken into account
that the redistribution is done in a direction, which is orthogonal to the direction of the

resultant shear force. Figure 11 demonstrates this.
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'\ Direction for the redistnibution of
the resultant shear force v

Figure 11. Redistribution of the shear forces resultant /redrawn 1/

The distribution width for shear forces can, as earlier mentioned, be chosen as equal to

that is used for the reinforcement moments.
There are some limitations to this rule:

e The distribution width should not exceed 5h. The thickness of the slab is h.
e The same rules apply that are given in Figure 9.
e The distribution width should be restricted to a variation of the angle o of less than

45°. See Figure 12. /1/



45°
Case Qs Qs Vi Vdy.i
(1) <45°  <45° | max(vgy; Voay) 0
2 < 45° > 45° Vo1, Vo2,
3) > 45° < 45° Vo2,i Vo1,i
4) > 45° > 45° 0 max(Voy i, Vo2,i)

Figure 12. Distribution width recommendations for shear forces /redrawn 1/

The direction of the resultant shear force can be determined as shown in Figure 13.

its angle a; to the X ams 1s determined as:

Vy.i
a; = arctan (L)
Ve

section point 7 - ;

I;-\_'r

000000000

Figure 13. Direction of the resultant shear force /redrawn 1/
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The maximum values and the distribution of the shear forces over the supports are usually
irrelevant for the design of concrete slabs. In case of a stiff monolithic connection between
the slab and the supported columns or walls, the design in bending is carried out for the
forces at the face of the support. If the slab is restrained in vertical direction only, the
maximum design bending moment is calculated from the values at the face of the supports
and then smoothed out. /4/

One way to check the punching shear is to take the reactions from the FEM model, then
carry out the calculation, for example using a spreadsheet for the design of reinforced
concrete. If there is a need to model the area of the column, then shear stresses can be
taken from the model. It still necessary to have knowledge of the structural behavior of
the model to make a sufficient decision how to take into account the fact that there will

be peaks which are greater than the design limits in the codes. /2/

The slab should be designed for punching in regions of concentrated single loads or pin
supports by columns and not for the high resultant shear forces. /4/

The critical result section of the shear force in the slab are not placed closer to the support
edge than d. This is illustrated in Figure 14. This helps the designer to estimate the correct
location for the critical result section in the concrete slab. However, it has to be remem-
bered that this is dependent on the stiffness of the slab-support connection and the design
itself. /1/

To summarize, the maximum values and the distribution of the bending moments and

shear forces over the supports are generally not required for the design of concrete slabs.



a/2 +d — without shear reinforcement
a/2 + z cotf — with shear reinforcement

‘

Y

Figure 14. The critical result section of the shear force /redrawn 1/

2.5.3 Punching and Deflection Control

The slab should be designed for punching in regions of concentrated single loads or pin
supports by columns and not for the high resultant shear forces. The punching shear can
determine the thickness of the concrete slab. If the maximum shear force of the model

overcomes the maximum shear capacity of the structure, the concrete will crack. /4/

Punching shear and deflection control are usually the main criteria for flat slabs. Punching

shear should be checked using code rules. /2/
Deflection in concrete is dependent on:

e Concrete tensile and compressive strength
e Elastic modulus

o Creep

e Shrinkage

e Cracking of the member

e Ambient conditions

e Restraint

e Magnitude, time and duration of loading

e Stiffening by other elements

Deflection prediction is based on various different assumptions and therefore can only be

an estimate at its best. /2/
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3. CALCULATIONS

3.1 FEM Model

The model is an example from a foundation for a transmission tower. The FEM model is
a concrete slab:

e Concrete Grade: C30/37
e Slab Dimensions: 5.6 m x 7.0m x 0.6m
e Pedestals 4 pcs 700x700mm, 2.90 m high.

48.205

48.310

752.745 .
758535
. 1.816

67650 16.128

™~ ;.'trl —
"

738

Figure 15. The example model of the tower foundation

Loads were imported from Project data for steel structure, and critical load case for bot-
tom reinforcement and for the calculation was determined to be thermal minimum (- 50
degrees). In this temperature the electrical cables shrink and add max load to the founda-

tion. The mesh size in the calculated model was 250 mm.



The minimum reinforcement for bending was 746 mm? (0,13%), and the maximum rein-
forcement was 24000 mm? (4%).

Slab shear capacity without shear reinforcement was 338 kN/m (338 kN/m -> 203 kN),

as illustrated in Figure 16.

As d pl Ucp k Vmin VF‘.d.c VEd VE:l NRd.c
[mm?] [mm] [N/mm?] [N/mm?]  [kN] [kN]
Btm.main 1608 5420 0.00297 0.0 161 036 2039 203.0 1.00
Top.main 905 5530 0.00162 0.0 1.60 0.35 1976  10.0 0.05
Btmtrans 1028 5280 0.00195 0.0 1.62 0.36 189.7  10.0 0.05
Top trans 754 5470 000138 00 1.60 0.36 1946  10.0 0.05

Figure 16. Slab shear capacity without shear reinforcement

3.2 FEM Model — without Singularity Management

The design moment without singularity value management in the model is 774 KNm/m
as Figure 17 below shows.

Panel X
Design Internal Forces
tiy, 0+ [kNm/m]
77339
69246
61153
53060
44966
36873
28780
20687
12594
4501
-3693
-116.86
Max : 773.39
Min @ -116.86
773.39
|
Ea 4

Figure 17. The design moment without singularity value management

The required reinforcement in the slab are presented in Figure 18 below.



CALCULATIONS IN THE MAIN DIRECTION
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Materials
Concrete =| G30/37 Deasign situation =| Persistent & Transient
fa= a0 MW mm# ¥e= 1.5
fog= 0 Tfy.=| 17.00 |NWmm2 O.=| 0.85
fam=[ 2.886 [Nmm# h= 0.8 (317030
Ecm=| 32B37 |N'mm# n 1.0 (317030
Eu= 3.5 Ha
Stecl=| S&00
fo= 500  [Wmm® Y.=[ 1.15
fa= ta¥a=| 4348 |[Nmm2
E.=| 200000 [Wmm#
Creep and development of tensile strength EC2 3.1.2(9) & Annex B
Creep factor, p=| 0.00 s=| 025 3.1.2(8))
Cemant type = N a=| 0.667 (31209
Ape atcracking=t= 28 days Becw=| 1.000 3.2
famil) = 2.896 |Nmme T 3.4)
Slab geometry
b= 1000 |mm h= 600  |mm
Chaotlom = 50 mm Ciop = 35 mm
Which reinforcement is to be outermost (<M=ain or <T=ransversal)? II[
Effective heigths
Comman= 50 [mm Ciopmain = 35 |mm
Ohim,main = B0 [mm Diop.main = 558 |mm
O'sim main = 80 [mm Topmain=| 41 mm
Minimum reinforcement for bending EC2 9.3.1.1
A ninbmmen=| B813.3 [mm? A i i magirr= Qi i M0, 26" for 00013 [9.2.1.4(1))
A minpman=| 8419 |[mm# A o pirn =D " Dhog main (0. 26" oL 0001 F)
- —— mim A = B R0L04 [9.2.1.1(3)
S shibs = mm S ot = M [3°N;400) [2.3.1.003)
Winay = mm (Table 7.1N)
CALCULATION FOR BENDING RESISTANCE
Compression steel ignored Strain Stresses Forces
Y5 &, y o= f, .
N 1
< |~ 3 E N
= | = 1 i i
L PN | [ " | M =M,
A [ H a, H F, H
* o8 e e |~ } + | !
! F 1 1 1 A
B ez &
A 4 fe
Pape :|2(6)
BOTTOM reinforcement in MAIN direction
d=[ 540 [mm A.=[ 3703 |mme c=[ 50 [mm
d= 4 mm A= 905 |mm*

Check for cross saction resistance EC2 6.1

Meipimm=| 774.0 |[kNm/m Ok no need for compression reinforcement
Bug=| 0171 Bra=| 0487 [uka= heaflearin/Esl
A, oe=| 3604.3 [mm= Agrog = g b d" e 1y
Provided bending reinforcement
Bpesim o= 16 mm, &'c 1256 mm => A= 1608 mm?
6.67pcs'm 0= 20 mm, &'c 150 mm => A= 2094 mm?
D= mm, &'c mm = A= mm?
Dy = 20 mm, ¢'c  &8.1818182 A benm = 3703 mm?
c/c OK! As > As.min, OK!
=] 847 [mm Jot = A pirn Ty 10" )
= 1.247% E= (0 Ecux es>fyk/Es OK!
Mpipmm=| 793.1 |[kNm/m  Mapem = A id-0.574x) MRd OK!

Figure 18. Calculation results for the reinforcement Client EC2 Slab Excel tool




Figure 19 shows the Excel calculation of the reinforcement that is required for the design
moment 774 KNm/m. The total amount of the reinforcement provided in the bottom slab

in main direction is 3703 mm?2.

Which reinforcement is to be outermost (<M>ain or <T>ransversal)

Loads acting on cross section Reinforcements
Mgy Mg, n= VEq o cle
kNm kNm Mg /Mg, kN mm mm
Btm.main 16 125 |As > As.min, OK!
740§ 00 i 100 | 100 20 150 _|As minc OK!
’ : ’ c/c OK!

Figure 19. The provided bending reinforcement

The maximum shear in the design without singularity value management is 943 kN/m.
This is presented in the Figure 20. As presented earlier in Figure 16, this exceeds capacity

by 240%, and thus needs thicker slab or better analysis.

Panel

Principal Internal Forces
wman,b [kM/m]

94317
858.02
772.86
687.70
602.54
517.39
43223
347.07
26191
176.76
91.60
6.44

Max : 943.17
Min : 6.44

Figure 20. The maximum shear force in the design.
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3.3 FEM Model with Singularity Value Management
3.3.1 Dependency of Mesh Size

The following Figures 21, 22 and 23 demonstrate the fact that the peak forces of the
structure depend on the given mesh size. The structure, its supports and its loads are iden-
tical in the examples. The only thing changed in the model is the mesh size. As it can be
seen in the Figures: The finer the mesh is — the higher the moment peak values become.

The different mesh sizes are chosen according to the following:

e The recommendation 10/span (500 mm)
e 250 mm, finer than the recommendation for comparison

e 750 mm, coarser than the recommendation for comparison

Panel x
Design Internal Forces
iy, 0+ [KMmem]

77339
692.46
61153
530.60
449 66
368.73
287.80
206.87
125.94
45.01
-35.93
-116.86
Max : 773.39
773.39 Min : -116.86
B @ 4

Figure 21. Moment distribution, mesh size 250mm



Panel
Design Internal Forces
iy, 0+ [kMm/m]
476.76
42368
37059
317.51
26443
211.35
158.27
105.19
5211
-0.98
-54.06
-107.14

Max : 476.76
Min @ -107.14

=

Panel
Design Internal Forces
iy, D+ [k m/m]
385.77
346.88
307.99
269.09
230.20
191.31
15242
11353
7464
3575
-3.14
-42.03

Max : 385.77
Min : -42.03

]
I

Figure 23. Moment distribution, mesh size 750mm
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As the calculation results in Figures 21, 22 and 23 demonstrate, there is a 50 % difference
in the design moment between the mesh size 250 mm and the mesh size 750 mm. For the
reinforcement in the concrete this means that As. req = 1722 mm?2 increases to As. req =
3624 mm2, a difference of 52 %.

3.3.2 Smoothing of the Peak Values: Moment

The determination of the allowable width for the moment peak values starts by testing of
the different recommendations. One has the moment distribution showing in the FEM—
model and then the right size of the currently studied average width is measured in the
model. When the width of the critical section is known, then the average of the moments
of this width is calculated. In Figure 24 the basic idea is presented.

+5.92 -8.90 -11.60M-11.60-14. 03 ll-14_S6|Mll-14 .06 l~-11. 60 ~8. 86

).00| 8l -27. 15|37 55|45 oc[ll-45. 5|51 so[ll-45 7 [l-36 ssl-26.64
=115.44
.00 8o 0080 oo |- 115 4all-115. aaljo. oo -112_07]{o. oo[Mo. 00
;3.84[ 8.64/880. 00 0.00 0.00[llls_ 31
—

.03.29|fss. 66f 122 53 f61. 11|61 11 [s4.53

9

111.92|| |220. 98| [211.17]| [183.17] [183.17 148.33||183.7s|[zxz.qulzzz.as]

‘71.61)]|303.42|1 |311_44 259.61}—259.61F4228.69 ~1264.231315.09] |305.49

5§7.76 115.20p088.76

A0

51.91| 282 . S4Q348.87 349. 54283, 31

94.89|214. 831257 . 831288 .44 294. 851287 15255 23 214.91

Z21.97(1|145.06|| |157. 99157 . 69157 . 65156 01 M156.25 v156.06 143.43

i3.60 73.79 76.08 76.08 72.02 64.61 71.11 74.87 72.54

Figure 24. Max bottom moments with width of critical section marked.



The Excel calculation (presented in appendix) gives the following distribution widths:

e 5xd - Method (illustrated in the Figure 7) gives a width 3.0 m
e Lc/4— ULS Distribution Method (illustrated in the Figure 9) gives a width 0.9 m

From the calculation of the most suitable recommendations found for the optimized de-

sign moment, the results are the following:

e 5xd- Method gives a design moment: 256 kNm/m
e Lc/4— ULS Distribution Method gives a design moment: 256 KNm/m

The reinforcement provided for the slab is recalculated with the new given design mo-

ment: 256 KNm/m, and a new result for the reinforcement is shown in the Figure 25.

Which reinforcement is to be outermost (<M>ain or <T>ransversal)

Loads acting on cross section Reinforcements
Meq Mg, n= Ves ) cle
kNm kNm Mg /Mg, kN mm mm
Btm.main 16 175 |As > As.min, OKI
2560 | 1500 | 100 | 100 As.min.c OK!
’ 5 ’ clc OK!

Figure 25. The recalculated bending reinforcement

The total amount of the reinforcement provided in bottom slab is 1116 mmz2,
3.3.3  Smoothing of the Peak Values: Shear Force

When determining the allowed average width for the shear forces, the same distribution

widths can be tested when determining the average width for the moments.
The Excel calculations gives the following distribution widths:

e 5xh- givesawidth: 3.0 m
e Lc/4— ULS Distribution gives a width: 0.9 m
e a/2 +d— Method (illustrated in the Figure 14) gives a width: 1.05 m

The calculation of the most suitable recommendations found for the optimized design

shear force, the results are the following:
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e 5xh— gives adesign shear force: 268 kN/m
e Lc/4— ULS Distribution gives a design shear force: 290 KN/m
e a/2 +d— Method gives a design shear force: 210 kN/m

The new shear force calculated is now: 290 KN/m. The maximum shear capacity of the
slab was calculated in the Client EC2 Slab Excel Tool to be 338 kN/m. With the shear

force being 290 kN/m, the concrete structure will not crack.
3.4 Excel Comparison

Loads for the excel comparison was taken by adding a support at top of column to get the

result forces from the respective load combination.

Figure 26 shows the FEM model and the ULS forces:

e Ng=818 kN, Vdy=76kN, Vdx= 33kN.

Figure 26. The reaction forces in the FEM model

On the next page, Figure 27 presents the Excel calculation of the reinforcement. Dimen-
sions were modified to have matching edge distances, as the excel tool is built for a single
pedestal. The redefined dimensions for the structure in the Excel calculation are 4.4m x
4.8m.



CHECK Ng V4, My and y, FOR WORST CASE

FORCES (ULS and 5LS) ULS,5TR ULS.EQU
Vertical load (Z) Migy =] &18 0
Horizontal load () Vax=[ a3 0
Horizontal lead (Y1) Vay= 76 0
Owverturning moment around Y Ma v = 0 0
Owverturning moment around X Max = 0 0
PAD FOUNDATION DIMENSIONS

Pad length {dimension in Y-direction) L= 4.40 m

Pad width {dimension in X-direction) B= 480 |[m

Pad thickness H=[ 080 [m
Initial depth Hy 150 |m
Concrete density Yeane = kMm®

CHECK FOR GROUND EEARING RESISTANCE AND OVERTURNING
ACCORDING TO EN 1997-1, saction 2.4.7.3.4.3 (Design Approach 2)
RECTANGULAR BASEPRESSURE DISTRIBUTION ASSUMED IN ULS CALCULATIONS

Bearing capacity (short term) RA =Qn=[ 200 |knm?
Soil density Yeail = 18 khm?®
Weight of concrete Meconz =] 3523 |kN
Weight of soil on top of found. Misai=| 3342 |kN
Total normal force Miwe =[ 17448 [kN
Total overtuming moment around Y Maey=[" 1155 |kNm
Total overtuming moment around X Moz = 286.0 [kNm
Eccentricity, ULS (STH) 84y = MajoavMase=| 0066 |m
Eccentricity, ULS (STR) 847 = MajoaxMasee =[ 0152 |m
Eccentricity, ULS (EQU) 8y = My vMNasee = 0.000  |m
Eccentricity, ULS (EQU) Baow = Myjoaw'Nasee =[  0.000 |m
Effective width B'= 487 |m
Effective length L'= 410 |m
Ground pressure Qs = Ny oo (L'E) = o kN/m®
REINFORCEMENT DESIGN ACCORDING EN-1992-1-1:2004
Dimensioning for bending moment. Sect. 6.1 & 9.3.1.1
Concrets grade Tx= C30 MPa
Steel yield strength T = 500 MEa
Dimensioning bandwidht Ly = i m
Patot = 04 - (Pacone + Pasat) =[ 482 [kym®
Concrete cover to bottom rebars Cram = 75 mm
Outer bars:[ ¥-direction

Dimensioning around Y-axis
({bars in X-direction)

Dimensicning aroun
(bars in Y-direction)

d X-axis

Mziy=[ 103.3 [kNm Meax=[ 841 |kNm
By= 16 mim Gy = 16 mm
clex= 250 |mm cley=[ 250 |mm
= 17 |mm dy=[ 501 mm
ALD(WJ = 804 mm2 A:.prw.‘l' = 804 |'|'||'|'|E
A:.m-q.'q = 465 ITiITiz Aimﬂ\' = 380 mm
k= 206 |mm My= 206 |mm
By = 6.7 % By = 6.5 %o
Mpax=| 177.2 |kNm Mzay=[ 1716 |kNm
es=eyk STEEL STRAIN OK. es=£yk STEEL STRAIN OK.
MRd=MEd QK. MRd=MEd OK.

A in= Max(0.0013;0 26" /1) Lo Max(d, ) = mm?

sLS
kN Mgy = 0 kN
kN Vix= 0 kM
kN Viy= 0 kN
KNm My = 0 kNm
KNm Mgy = 0 kNm
COLUMN DIMENSIONS
Column length CL=]" p70 [m
Column width Gy = 070 m
Column height Cy=[" 200 |m
ve=[ 135
¥gz= 0.9

M cone = Yeana (H'B*L+CrTwT)
M sl = ¥aail G (B L-CL Cwy)

Matot = MY g My e+ My sl
Masoer = Mgy v + (H+Cn) " Vax
Mo = My + (H+Cp) Vo
ed=B/3 OVERTURNING OK.
ed=L'3 OVERTURNING OK.
ed=B/3 OVERTURNING OK.
ed=L'3 OVERTURNING OK.
B'= B‘?de

L'= L'E'Gd'-,'

qd=gm EEARING RESISTANCE OK.

Yo= 1.5
Qe = 0.85
fa={ 17.00 |MPa
fam=] 280 |MPa
¥s 1.15
ta=] 4348 |MPa

Mg = Bending moment at column face
& = Main bar diameter

c/c = Center to center distance
d=H-c-@&2

A g = [0 2Mes/ Lol )2V [6of (L]
R = Ay (Lot Foa)
E, = (d-x)"e jx

Mpg = A;"Ty4"(d-0.5"x)

As.min(9.1) OK.

Figure 27. Calculation results for the reinforcement, Client EC2 pedestal Excel tool
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The required reinforcement in the main direction of the slab are presented in Figure 28.

The total amount of the reinforcement provided is 804 mm?.

SUMMARY OF RESULTS
Sail bearing utility ratio:
Bending reinforcement ratio
Punching shear ratio

Flexural shear ratio

Cracking moment ratio (SLS)

Max Crack width (SLS)

Main reinforcement X-direction:
Main reinforcement Y-direction:

Shear reinforcement

Qa9 =| 45.6%

Mey/Mgg 58.3%

Ved/VRao =| 56.0%

VeslVrae =| 36.8%

Mgy { Me vy =] 1.6%

Meex !/ Mex=|  1.3%

Wy, = 0.02

Provide @16 at c/c 250 mm
Provide @16 at c/c 250 mm

kiNm
kiNm
mm

Mecr > MEk: no cracking in Theory.
Mecr > MEk: no cracking in Theory.
OK, wk=<wk.max

As.min(9.1) OK. & As.min(7.1) OK.

vEdivRd.c £ 100% => No need to provide shear reinforcement

Figure 28. The provided reinforcement



4. EVALUATION

4.1 Comparison

It is clear that the singularity value management approach gives more optimized design
moments. The difference between reinforcement with singularity value management and

without the singularity value management is significant:

e With SVM: The total amount of the reinforcement provided in bottom slab in
main direction is 1116 mm?.
e Without SVM: The total amount of the reinforcement provided in bottom slab in

main direction is 3703 mm2.
The difference between the reinforcements provided is: 70 %

It can be noted that the Excel calculations give the reinforcement amount provided
804mm?2. This is in line with the calculations done with singularity value management,
but not fully comparable as it was for a single pedestal. It might be safe to say that there
is some truth in the assumption that the moment peak values are not the point of the

interest, when designing a reinforced concrete slab.

Other observation is the mesh size comparison and the different result in the design mo-
ments. The calculation results show that there is a 50 % difference in the design moment
between the mesh size 250 mm and the mesh size 750 mm. It should be taken into account,
when modelling the structure that is not necessary to calculate the model with too fine a

mesh.

For the reinforcement in the concrete the difference in the design moments means that
As. req = 1722 mm?2 increases to As. req = 3624 mmz, when the mesh size changes from
250 mm to 750 mm. The difference in reinforcement required is then 52 %. The change
between the design moments with the different mesh sizes is substantial and cannot be

neglected.

When smoothing out the shear force, the results also point out the fact that there is a huge
difference with the maximum shear force and the smoothed one. The maximum shear

force is 70 % larger. The higher shear force will lead to increased thickness of the concrete
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slab and higher costs. The difference between the shear force results are in line with the

differences in calculations between the different design moments as well.
4.2 Risks of Singularity Value Management

The structure cannot be modelled to be an exact copy of the real structure. It should al-
ways be kept in mind that even at its best a numerical model is only a simplification of
reality. It is only as accurate as its basic assumptions. There is a lot that depends on the

designer itself. Different designers will get different results from the same structure.

Most design engineers believe that a detailed model and numerical calculation saves re-

inforcement. Because of the complexity of the model, that is not very often the case. /4/

If the singularity problems are neglected without any singularity value management, there
is a risk for over—dimensioning of the structures. Singularity problems usually may occur

in the regions of:

e Walls that end within a slab

e Discontinuous line supports

e Pin supports

e Openings

e Re-entrant corner and obtuse corners

e Concentrated loads /4/

ety o=., _ Re-entrant

Ll ; 5 corner

Re-entrant
corner \— Discontinuous
== ! _.R._“line support
r -
Pin i, )
supportx-—-“ {~==""} Discontinuous RN § 5

.-+ line suppogt

Opening

,  Knife-edge support L

Figure 29. Singularity problem in the regions /redrawn 4/



4.3 Open Points

There is a limited guidance and literature about the subject. That makes the assumptions
and recommendations about singularity value management a difficult issue to investigate.

At its best, the findings and comparison results can only be a good estimate.

It would be useful to do further research on the results of several real projects, so there

can be even more accurate results to present.

The thesis does not take any stand on singularity value management on other structures
than a concrete slab. The subject is quite challenging to limit and there would be different
type of structures that can be studied about the topic, if the study was expanded to other

concrete structures as well.
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5. CONCLUSION

There was a real need for a guide that uses singularity value management when optimiz-
ing concrete structures. The differences between the calculations with or without the sin-
gularity value management revealed that the peak value issues of the moments and shear
forces are important and need to be taken into account in order to prevent over—dimen-

sioning the structure and to improve the cost—efficiency in the concrete design.

The understanding of the Finite Element Method and singularity value management are
the keys in understanding how optimally design the concrete structure.

Through the study | have learned a great deal regarding the Finite Element Method, the
behavior of concrete structures, the singularity value management and how to model the
structures in FEM properly. The aim of the thesis was achieved by studying the literature
about the subject and by implementing the learned things into to FEM-model and calcu-

lations.

The challenge during the thesis was the fact that there was limited information about the
subject area of the thesis. This made the study very time consuming, but on the other
hand, very interesting to explore.

The goal of the thesis was to provide a short and easy-to-read summery for designers to
use, when modelling the reinforcement slabs. The goal was achieved and the summary

will be shared to all designers in the concrete team.
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