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ABSTRACT

The distribution width of sectional forces and moments for a one-way concrete
bridge deck highly influences the amount of reinforcement required for the deck. In
engineering practice, two calculation methods are used: simplified analytical
calculations and finite element (FE) analysis. Compared to FE analysis, the analytical
calculation is more convenient to use but due to the lack of accurate guidelines, it is
too conservative and hence overestimates the reinforcement. This thesis focuses on
providing a more accurate expression of distribution width for the analytical
calculation by utilizing FE parametric study to enhance the accuracy of the analytical
calculation.

The approach to determine the distribution width in this thesis is by comparing
the sectional force from a linear 2D shell FE model to an analytical calculation model.
The ratio between sectional forces of these two models was the approach to finding
the new expression. Based on this approach a full parametric study was required where
multiple models were analyzed, and results were collected. Following that, the
expressions of the distribution widths were established based on all the results
collected from these various models.

To simplify the task, a specific model was chosen representing a common
bridge deck, and this model was referred to as the “base model”. The whole approach
was tested on the base model first, and several problems and limitations were
identified. One of them was the constrain caused by the cantilever in the FE model for
a load at the mid-span, which led to a mismatch of the zero-moment position between
the two models. Consequently, a “dummy load” was introduced into the analytical
calculation model. Another problem was the extensive data processing to include the
torsional moment in the design;this was avoided by choosing the average width as
zero.

Graphical curve fitting was utilized to create the expressions of the distribution
widths and other related calibration variables such as dummy loads. Furthermore,
results comparison envelopes between the new expression and the raw FE results were
used to check the accuracy of the expressions.

Finally, recommendations for use in engineering practice is given, and several
issues are discussed such as the “cutoff” region for shear force expression, and the
influence of the support stiffness and slab orthotropy on the new expression.

Keywords: linear 2D shell FE model, analytical calculation model, isotropic element,
dummy load, averaging width, equivalent width, distribution width, local effect, cutoff
region, punching shear region, envelope.
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Notations

The notations in the below tables are used generally throughout this project. It
should be noted that other cases or reference specific notations are used in chapter 2
where each of these cases has its local notation definition that is not related to these
notations.

Greek upper-case letters

Greek lower-case letters

a The ratio of cantilever length to the length of the span. (Unitless)
U Constant that governs the ratio of the torsional moment in the design
moment.

Roman upper-case letters

E Young’s modulus of elasticity (GPa)

FE Finite element
CSV  Comma-separated values file

M,  Analytical calculation moment value (kN.m)
M,, Averaged internal moment value (KN.m/m)
M,,  Design moment value (kN.m/m)

Pzz  Finite element distributed load (kN/m?)

P, Analytical calculation point load value (kN)
Ty,  Torsional moment value (kN.m)

V,,  Averaged internal shear force value (kN/m)

Vi Analytical calculation shear force value (kN)

V.,  Averaged shear force value (kN/m)
XML  Extensible Markup Language file
XLS  Excel Microsoft Office Open XML Format Spreadsheet file

Roman lower-case letters

beq Equivalent distribution width (m).
bers Distribution width (m).
b1oad Width of load(m).
bsup Width of support(m).
d The effective depth (m).

deage The effective depth at the edge of the cantilever (m).
dsupp The effective depth at the support(m).

Amia The effective depth at the midspan(m).
h The total thickness of the cantilever slab(m).
Ly, Span length (center to center) (m).
lx Cantilever length (edge to center) (m).
lg Slab length (m).
Liot Total width of the slab (sum of span length and two cantilevers) (m).
livaa Length of load(m).

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-20 Xl



91,92 Dummy loads (kN/m)

t. The thickness of the cover(m).

tr The thickness of the filling(m).

w Averaging width (m)

X Distance between center load to the center of the nearest support (m).
Xerit Distance between the center of the load to the critical section(m).
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1 Introduction
1.1 Background

One of the most common types of bridge decks is a concrete slab supported by
two longitudinal bridge girders. The slab is mainly carrying loads in the direction
perpendicular to the girders but, for concentrated loads, it distributes the load in both
directions. For a concrete bridge deck, two methods are generally used for the
calculations of sectional forces and moments in engineering practice: Analytical
simplified calculations and numerical analysis with the finite element method (FEM).

The finite element (FE) analysis is normally made using slab or shell elements
and is based on the condition of linear material response. From the FE analysis, the
moment to be used in reinforcement design is determined by averaging the design
moments from the linear analysis over a certain redistribution width perpendicular to
the reinforcement direction. This width is governed by the plastic redistribution
capacity of the slab, which in turn depends on the amount of reinforcement. As
compared to an analytical simplified calculation, a linear FE analysis gives a more
accurate estimation of the force distribution. However, it is more time-consuming, and
it is not convenient to use in all cases.

In an analytical calculation, the reinforcement moment is achieved by
approximating the slab to act as beam segments supported by the bridge girders. The
concentrated loads are distributed over a predetermined width, the distribution width.
Since this is not yet treated in Eurocode 2 [CEN (2004)], the engineers must find out a
suitable distribution width from other guidelines and recommendations. The choice of
the distribution width highly affects the results of the analytical calculation. Currently,
conservative load distribution widths are used in engineering practice, resulting in a
higher amount of reinforcement than required according to FE analysis. This rise the
need for developing a guideline with better accuracy for determining the distribution
width of common types of bridge decks to enhance the results of the analytical
calculations.

1.2 Purpose

The purpose of this thesis is to create a guideline for analytical calculations with
recommendations for the distribution width of concentrated loads. To achieve this
targeted guideline, the following aspects will be addressed in the project:

. Explanation of the methods and theories that are used in this thesis.

. Find out how and in which magnitude each parameter will affect the result from
a linear FE analysis.

. Raise out the most interesting parameters that will be examined in a parametric
study.

. Organize and visualize results from FE analysis for relevant parameters.

. Present a method to determine the distribution width for analytical calculation,
based on the results of the parametric FE analysis.

. List the limitation and basic assumptions of the method presented.

. Compare the results from the method presented to existing guidelines.

. Due to the limitations of the presented method give, if possible, suggestions for

further calibrations to cover more cases.
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. Give recommendations for which aspects must be further investigated to extend
and enhance the presented method.

Addressing the above will result in a guideline that can provide a more optimized
design based on analytical calculations, in better agreement with linear FE analysis but
without the need for case-specific FE analysis.

1.3 Method

Literature study: A literature study was performed that focused on the
distribution of load effects (sectional moments and shear forces) in concrete slabs and
how they are treated in codes/guidelines.

Simplified FE analysis: Here, a full study was done on a simplified model (Base
model). This study started by presenting the FE and analytical models and ended by
initiating a simplified expression to evaluate the equivalent width for the base model.
During this step, results obtained from FE analysis and analytical calculation were
presented. The conclusion of this step highlighted issues or aspects that had to be
handled during the following parametric analysis. FE software and other calculation
software such as Mathcad or Excel were utilized during this step.

Parametric analysis: In this step, the parameters of the simplified model (Base
model) were modified into several variations, and results were collected to find the
effect of changing each parameter. Changed parameters included geometries,
thicknesses, load positions, and redistribution widths (averaging widths) based on
common bridge decks practices. In this step, Python scripting was utilized to
automatically run and collect the data from the FE analysis and the analytical analysis
to be output in spreadsheets. At the end of this step, all the highlighted aspects from the
previous step were studied.

Evaluation of results: Here, the data obtained from the previous steps were
evaluated and embedded into the initial equivalent width expression. This step included
a comparison of the results with results obtained by the alternative methods found
during the first step (Literature study)

The method is summarized in Figure 1.1

Literature Simplified Parametric Evaluation

study FE analysis analysis of results

Figure 1.1  The method of the study consisted of four subsequent steps starting with
the Literature study and ends with Results evaluation

2 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30-20



1.4 Limitations

This thesis utilized a simplified FE model for parametric analysis. The reason
is that, when using a simplified model, the influence of each parameter can be easily
captured. Due to this, limitations are introduced for some aspects regarding the FE
model. To simulate a slab carrying the loads predominantly in one direction, supported
by two bridge girders, the slab was modeled as an infinitely long slab supported by two
stiff longitudinal line supports. Transverse beams or edge beams were not included in
the model. The FE analysis was limited to linear elastic analysis for an isotropic plate
(stiffness is equal in both main directions) with one individual point load, and the results
concerning the design of the main reinforcement in the slab (in the transversal direction
of the bridge) were extracted. Geometric parameters were selected to represent the most
common geometries in practice.

Due to the above limitations, aspects such as the influence of the edge beam or
orthotropic plate were not treated by this project. Non-linear FE analysis was not used
to study the non-linear response of the slab. Based on that, the results are usable only
in the ultimate limit state.

1.5 Outline of the report
Chapter 1 Introduction.

Chapter 2 This chapter introduces existing methods for estimating the distribution
width for analytical calculation from different guidelines.

Chapter 3 This chapter presents a full study on one selected model geometry which
was defined as the base model. In this chapter, the approach used to
determine the equivalent width is introduced in addition to the FE and
analytical calculation models. The basic assumptions and parameters
such as description, boundary conditions, loading conditions, etc. were
presented together with corresponding results. By the end of this
chapter, the approach to calculate the equivalent width was introduced
and discussed as this was the initialization step for parametric study in
chapter 4.

Chapter 4  This chapter is a continuation and iteration of chapter 3. It focuses on
explaining the general process of full parametric analysis and presents
the approaches used for establishing and verifying the generated
guideline of equivalent width for the analytical calculation model. The
last section presents the used automation method and the script structure
that was utilized in the parametric study to produce the models, extract
data, and verify the results.

Chapter 5  This chapter presents and discusses the results of the parametric study,
equivalent width, and dummy loads expressions with their limitations
and conditions. It provides an overview of the results of the parametric
study and observations on the effect of the changes in each parameter.

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-20 3



Chapter 6

Chapter 7

Following that, a result comparison between FE analysis and
expression-based analytical calculation was initiated using the shear
force and moment envelops, and the differences were highlighted.

This chapter discusses several interesting topics which are the most
important from a designer's point of view, and how and when this
guideline could be applied. It begins with a discussion of the general
method used for this guideline. After that, the difficulties that were faced
in the research and considerations of using this guideline are discussed.
At the end of this chapter, a discussion around achieving an optimal
design is made.

This chapter layout all the important conclusions of this thesis. In the
end, suggestions for further research are given.

CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30-20



2 Literature Study
2.1 Introduction

This chapter describes and summarizes guidelines and codes that treat the subject
of distribution width for slabs, for both moment and shear force in analytical
calculations and FE analysis. Some of these guidelines are not in use today. Still, they
are mentioned here to describe the development of the current approaches and provide
a result comparison between old practices and the results obtained in this thesis.

It should be noticed that different terms were used to describe the distribution
width in these guidelines, like effective width b, or equivalent width b,,. To avoid
confusion as this report listed all these approaches, the term Distribution Width replaces
the above-mentioned terms to describe the distribution of moment and shear forces in
the analytical calculation. As for the FE analysis guidelines, the term Averaging width
is used. Each of these guidelines has its own set of complementary parameters that were
defined locally within each section. All these parameters are unified into one set of
parameters in the summary section 2.10

All the approaches presented hereafter are categorized into two main categories,
which are related to the type of analysis, namely: analytical calculation or FE analysis.
Each approach has subcategories, according to each reference. Below is a list of the
approaches that are presented in detail in this chapter.

Guidelines for distribution widths in analytical calculations

Bestammelser for betongkonstruktioner, B7: Allmanna konstruktionsbestammelser.
[Statens Betongkommitté (1968)]:

This is an old Swedish code for concrete structures, which is often referred to as only
6‘B77’

o Boverkets handbok om betongkonstruktioner BBK 04, [Boverket (2004)]:

This was the acting code for concrete design in Sweden before it was replaced by
Eurocode. It replaced a previous code with the same name:

Bestammelser for betongkonstruktioner BBK 79, [Statens Betongkommitté (1979)]

e BS 8110-1:1997 Structural use of concrete. Code of practice for design and
construction. [BSI (1997)]

This is an old British code for “Structural use of concrete”.

o fib model code for concrete structures 2010 [fib (2013)]:

The fib model code was developed by the International Federation for Structural
Concrete, fib. Previous model codes have had a great influence on the current
version of Eurocode 2, and model code is an important reference in the ongoing
revision of the Eurocodes.

Krav  TRVK Bdrighetsberédkning av végbroar TDOK 2013:0267 [Trafikverket
(2019a)] and, Rad TRVK Barighetsberakning av vagbroar TDOK 2013:0273
[Trafikverket (2019b)]:

CHALMERS Architecture and Civil Engineering, Master’s Thesis ACEX30-20 5



These are codes provided by the Swedish Traffic Administration (Trafikverket) and
consist of requirements for the determination and assessment of the structural
capacity of existing bridges.

e Other guidelines:
This section presented other approaches that were studied in the research paper
“Transverse load redistribution and effective shear force width in reinforced
concrete slabs” [Lantsoght et al. (2013)], by Delft University of Technology.

Guidelines for averaging widths in FE analysis.

e Recommendations for finite element analysis for the design of reinforced concrete
slabs [Pacoste et al. (2012)].

2.2 Bestdmmelser for betongkonstruktioner B7 [Statens
Betongkommitté (1968)]

2.2.1 Introduction

This is a general code issued by the “Statens Betongkommitte” the year 1969 as
a part of the series publication started the year 1949. This series of books provided
guidelines for concrete construction.

2.2.2 Moment distribution

B7 stated that the distribution width of the moment for a one-way slab can be
evaluated in two directions of the slab as shown in Figure 2.2. The
distribution width r in transverse direction (perpendicular to the
primary reinforcement) as shown in
Figure 2.1 shall be calculated using:

3
rSZl+v+f+t (2.1)
With a maximum value of:

r=255m+v+f+t (2.2)

Moment distribution width perpendicular to the primary reinforcement.
Load width perpendicular to the primary reinforcement.

The theoretical span of a one-way slab.

The thickness of filling (pavement) etc.

The thickness of the concrete cover to the top main reinforcement.

e SR
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Figure 2.1

Figure 2.2

v

A
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L filling”

. cover |+ o P
— 2 Y P o . T a v 7] T
I S/ T
primary ’ r< 25+v+ft "\ secondary
reinforcement | .| reinforcement
max2.5+v+f+¢
Cross-section perpendicular to primary reinforcement. Redrawn from
[Statens Betongkommitté. (1968)].
ftheoretic | | | | | | | | |
support line
~ ©
7 r
theoretic )
support line prima
v L | | L | rpinfe
Plan of the one-way slab. Redrawn from [Statens Betongkommitté

(1968)].

In longitudinal direction (parallel to the main reinforcement), the load may be
assumed distributed to the top of the slab with distribution width s as shown in Figure

2.3:
s=u+2(f+¢t) (2.3)
u . Load width parallel to primary reinforcement.
u
I 45°
e I / /\: h N\
5 - —
= ‘ ° i ° i k3 .é// //’/’/////’///’//;///‘/ ) S \ 2 - = ) ° ‘
| pmary s—y2(f+ 1) ~ secondary
reinforcement ‘ reinforcement
Figure 2.3  Cross-section parallel to primary reinforcement. Redrawn from

[Statens Betongkommitté (1968)].
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In the case of a concentrated load P acting on a cantilever slab stiffened by an
edge beam, when calculating bending stresses in the slab, the distribution width r will
be:

r= - (2.4)
4 c
n =
4E1,
3EI
and ¢ ==—2
a (2.5)
Where:
E : Young’s modulus of elasticity.
I; : Moment inertia of the edge beam and adjacent portion of the slab up to the
load acting point see Figure 2.4.
¢ . Coefficient equal to load intensity parallel to the edge beam divided by the

corresponding deflection of the cantilever slab at the load acting point.
I, : Moment inertia of the slab per unit length of the support. See Figure 2.4.

a : Distance between the center of the load and the edge of the support.
P
edge beam - a -
\ \
i |
]

1 %2 1

.

I cantilever length

|
|
|
| /
i I/%
4 2
| ‘

Figure 2.4  Cantilever slab with edge beam. Redrawn from [Statens
Betongkommitté (1968)].

The edge beam should be designed for a positive moment:

P
and designed for a negative moment:
, P
M = - Ton (2.7)
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2.2.3 Shear force distribution

For the calculation of distributed shear force, two cases are considered. First
when a concentrated load is acting on a slab at the edge of the support. The shear force,
in this case, is assumed to be distributed uniformly laterally with a distribution width
r; as shown in Figure 2.5:

v+2(f +t+ dpin)
5dmin

v

= max{ (2.8)

— v+ 2(f+ t +dmin)
rl { 5 dmin
Figure 2.5  Transverse section at the edge of the support. Redrawn from [Statens
Betongkommitté (1968)].

L — . \\ v v
~primary
reinforcement

a

dmm t f
|
N\

Second when a concentrated load at a distance x from the edge of the support,
in this case, the distribution width r; can be increased by %x as shown in Figure 2.6:

3
r+ 2% (2.9
=
£ P
~ ¢
| | |
| |
| ' |
[ |
|
— oy !
| I/
| o
L
‘ =
| Y~y Laglhs o
S +
| =
4 |
| \ 7

Figure 2.6  Representation of the increment of r; value with respect to the location
of the concentrated load. Redrawn from [Statens Betongkommitté
(1968)].
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2.3 Boverkets handbok om betongkonstruktioner BBK
2.3.1 Introduction

BBKO04 was the acting regulations for concrete design in Sweden before it was
replaced by Eurocode. Several versions existed for these regulations like BBK 94 and
BBK 79. They are not used anymore in the design process in Sweden.

2.3.2 Moment distribution
There is no recommendation for moment distribution in BBK.

2.3.3 Shear force distribution in BBK 04 [Boverket,(2004)]
BBKO4 stated that the shear force distribution width can be determined by:

7d+b+t

10d + 1.3x (2.10)

bes = max{

Where:

ber : Distribution width of shear force.

. Load width.

Effective height of the slab.
The thickness of filling etc.
Distance from the load center to the calculation section, which is considered at the
distance d/2 outside the limit of the load distribution closest to the support. See
Figure 2.7.

X T AT

]
L*calculation section

|
\ |

\ \

o dr2

S

\ | | &F 4;'?
\ \

\ \

\ \

\ \

\ \

|

F -
| v |

>d

Figure 2.7 Distribution width bef for a concentrated load on the slab close to the
support. Redrawn from [Boverket,(2004)].
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For two closely situated concentrated loads, so close to each other that their
distribution width b, s overlap with each other as in Figure 2.8, the distributed shear
force per unit length v at the selected section can be determined as described in the
following.

When the location of the resultant R(F, F,) to F; and F, is determined.
Distribution width for R(F;, F;) should be set to (bes + 2l..5) Where b.s is the
distribution width of the larger load and L,.., is the distance between R(F;, F,) and the
larger load. The calculated value of v shall not be lower than the value of v that is
caused by the largest individual load. If any, distributed shear force in the selected
section that is caused by other loads on the slab, ex. self-weight and other concentrated
loads (ex. F3 and F4 in Figure 2.8) shall be added to the value of v of R(F;, F,).

. calculation sectioTn

@

0.5 beﬁ] + e
bs

b,

ll'CS

R(FIJ F)
x for F,;
and F,

0.5 bef] + lres

CF; S

beﬁZ

CFy S

di2

| x for F;and F,

Figure 2.8 Distribution width (b, + 21,.s) for two loads close to the support in
different intensities. F; > F,. Redrawn from [Boverket,(2004)].

2.3.4 Shear force distribution in BBK 79 [Statens Betongkommitté

(1979)]
An old approach for determining the distribution width was:
b — { 7d + b
ef =MAX110.65d + 0.65(b + length of load) (2.11)
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2.4 Structural use of concrete BS 8110-1:1997 [BSI (1997)]

2.4.1 Introduction

This is the old British code “BS 8110-1:1997 Structural use of concrete. Code
of practice for design and construction” was the predecessor code to Eurocode that was
used in the UK until it was withdrawn and replaced with Eurocode in 2010.

2.4.2 Moment distribution

According to BS 8110-1:1997, if a slab is simply supported on two opposite
edges and carries one or more concentrated loads in a line in the direction of the span,
the maximum design bending moment caused by the loading system shall be accounted
for. This bending moment may be assumed to be resisted by a specific distribution
width of the slab (parallel to the supports) which can be estimated according to the
below cases.

For simply supported solid slabs, the distribution of concentrated loads on them
was estimated according to the position of the load on the bridge deck. Thus, the
distribution width can be calculated as:

bey = 2.4% (1 %) + Load width (2.12)

x . Distance to the nearest support.
[ : Span length.

For the unsupported edge, the distribution width shall not exceed the value
evaluated in equation ( 2.12) nor half the value plus the distance of the center of the
load from the supported edge as in the below Figure 2.9.

load

7 |

\ .1 slab
f ! | }
\ .
L
2 S
23
X e =
unsupported o
sdoe = N
edge \\ 7 -
N 7 N
e 72|
—_— ‘ .y,
S~ \ | N =
= g oA =
a | ——ad | 4=
— z
W =
! g

Figure 2.9 Effective width of solid slab carrying a concentrated load near an
unsupported edge. Redrawn from [BSI, B.S., 8110-1. (1997)].

2.4.3 Shear force distribution

There is no recommendation for shear force distribution in this guideline.
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2.5 fib Model Code 2010 [fib (2013)]

2.5.1 Introduction

The fib Model Code was initiated by fib predecessors CEB (Comité Euro-
International du Béton) and FIP (Fédération Internationale de la Précontrainte) at a time
when there were hardly any international codes. Since the Model Code 1990, the series
intention aimed to serve as an important basis for the successive versions of Eurocode
2. The main aim of this book is to contribute to the development of improved design
methods and the application of improved structural materials.

2.5.2 Moment distribution

There is no recommendation for moment distribution in this guideline.

2.5.3 Shear force distribution

In fib Model Code, the distribution width is not discussed in detail, rather just
referred to in the slab shear force design section that explains the way to choose a shear
force control section. The recommendation is that it shall be chosen with the least

distance of either d or % from the support as in Figure 2.10.

For simply supported one-way slabs

b,, = 2(a, + b — d)tan (60°) + b (2.13)
For loads at a clamped end
by = 2(a,+b—d)+b (2.14)
Where
b : The load width and length (assuming square load).
L bw
controlXiiiiiii
section N O @

o = 45° for clamped slabs
o= 60° for simply supported slabs

@) ®)

Figure 2.10 (a) Distribution width for shear force indicated for two cases (b) simply
supported edge, and (c) clamped slab edge. Redrawn from [fib, (2013)].
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2.6 Krav Barighetsberakning v6.0 [Trafikverket (2019a)]

2.6.1 Introduction

This document provided by The Swedish Traffic Administration (Trafikverket)
2019 presents requirements for the assessment of existing bridges, support walls, boat
or ferry docks, pile decks, and tunnels that come across roads, railways, and pedestrian
and cycle paths. This is the acting document version for bridge assessment in Sweden
at the time of this study.

2.6.2 Moment distribution

This regulation adopts an approach similar to the approach found in B7 that was
mentioned in section 2.2. The results are the following expressions:

r=075L+b+f+t (2.15)
But highest:

r=27+f+t (2.16)

Distributed width

Center distance of the beams

Load width in the longitudinal direction of the slab
Filling thickness

Concrete cover layer thickness

NS

2.6.3 Shear force distribution
There is no recommendation for shear force distribution in this guideline.
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2.7 Rad Barighetsberakning v6.0 [Trafikverket (2019b)]

2.7.1 Introduction

This guideline published by The Swedish Traffic Administration (Trafikverket)
2019 provides advice for the assessment of existing bridges.

2.7.2 Moment distribution
There is no recommendation for shear force distribution in this guideline.

2.7.3 Shear force distribution

This document adopts the same approach as in section 2.3.3 in BBK 04 for the
distribution width of a single concentrated load. In addition, it gives a simpler approach
to deal with the distribution width for three closely situated concentrated loads.

For three equal concentrated loads (whose distribution widths overlap with each
other), as in Figure 2.11, the distribution width for each individual load can be
determined as b.¢ by equation ( 2.10) and increased by a distance of 2¢ between the
outer loads.

\
— critical section

T
|
|
|
|
|
|
|
|

S \ g
._QU ‘ (X)'I o —
\
| : xfor I, IF2, F3
| ‘
| | \ )
| | \ | )
= I R O e o
S L EE
| l-—L-| d/?2 =
| =
| \
1 ! =
|
|
o i
<7 |
|
|
|
|

Figure 2.11  Distribution with of three closely situated concentrated loads. Redrawn
from Rad Bérighetsberdkning v6.0 [Trafikverket (2019b)]
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2.8 Recommendations for finite element analysis for the
design of reinforced concrete slabs [Pacoste et al. (2012)]

2.8.1 Introduction

This document provides simplifications and guidance on how to implement
linear FE analysis and interpret the results in a slab designing process in both the
ultimate limit state and service limit state. The recommendations were preliminary
intended for bridge and tunnel structures. This document was created to address three
aspects in which one of them was the choice of averaging width for moment and shear
force.

2.8.2 Moment averaging width

The averaging width of a reinforced concrete slab depends on its ability to
redistribute the load, which can be represented by %“. The recommendations for

selecting the averaging width are:

L X
w =min (Bh, ﬁ) for Fu = 0.45 (0.35 for C classes = C55 / 67) (2.17)

L X
w =min (Sh, —C) for gu = 0.30 (0.23 for C classes = C55 / 67) (2.18)

5
LC Xy
w=-r for Fin 0.25 (0.15 for C classes = C55 / 67) (2.19)
L¢ Xy
w=— for Fin 0.15 (0.10 for C classes = C55 / 67) (2.20)
. LC xu
w = min (Sh, 3) for i 0.00 (2.21)

In most of the bridge deck designs, equations ( 2.20) and ( 2.21) are the
governing equations and w value commonly is not less than 1m.

Since the value w depends on the redistribution capability of the slab, which in
turn is affected by the amount of reinforcement, the design process is iterative.
Generally, the averaging width should not be less than w,,;,, :

W= Wpin =2h+a (2.22)

h . Height of the section.

x, - Depth of the neutral axis in ULS after redistribution.
L. : Characteristic span width.
a : The dimension of the support in the considered direction.

d : The effective depth of the section.

16 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30-20



2.8.3 Shear force averaging width

The recommendation for the shear force averaging width is based on the
assumption that a reinforced concrete slab has good capabilities for plastic
redistribution in the ultimate limit state. Thus, the same rules for choosing moment
averaging width in section 2.8.2 is deemed taking into consideration the following

limitations for w value:

w < 5h (2.23)

And log — ag| < 45°

The averaging width shall be restricted to a variation of the angle a of less than
45" which is represented as Werr as in Figure 2.12 below, where a is the principal shear
force v, direction angle with w .

as —a,| > 45°

lag — ay| > 45°

Figure 2.12  Variation of the direction of the resultant shear force within a
distribution. From [Pacoste, .et al. (2012)].

2.8.4 The relation between averaging width and compression zone
height

The averaging width w is dependent on the value of %“ in a similar pattern to

the relation between the rotation capacity of cross-section on %‘ as can be seen in Figure
2.13.
° Bua (mrad) — — == KlassC
) : A ” [INAEN Klass B
/\ - 'f N S~ —Coom
4 . f/‘ ~ ~ { M~
3 / 20'1, R
- :Z ey N G R
! > 5 / Lchi/ CJ;E[?\_‘_‘_‘:
0 . f— TR 00 005 0,10 015 020 025 030 035 040 045
0 02 04 Xu/d gg o

(a) (b)
Figure 2.13 (@) Relation between the averaging width w and %“, and (b) Relation
between rotation capacity and %‘. From [Pacoste, .et al. (2012)].
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2.8.5 Moment averaging width for cantilever slabs

For single load F as in Figure 2.14, the averaging width w, for ultimate limit
states given by :

. {7d+b+t
in

Wx = 10d + 1.3y, (2.24)

For 0.25 > %‘ > 0.15

For %‘ values outside the above limit the distribution will be taken as:

wy=2h+b+t (2.25)

x, . The depth of the neutral axis at the ultimate limit state after redistribution.
Xu should be evaluated for the section with the highest reinforcement ratio.

d The effective depth at the critical cross-section.

h The height of the cantilever at the critical cross-section.

b The width of the load (see Figure 2.14).

t : The thickness of the surface (see Figure 2.14).

v.s . The distance from the center of the load to the critical cross-section.

For multiple closely positioned concentrated loads with overlapping distribution
widths, the resultant distribution width w,, for the whole group of forces can be
determined according to the rule shown in Figure 2.14.

o

; Yes
t H ¥
¥ I |
E + i Fl R = F2 F3
1 1 xR I l
‘ ! - 1
L 2 '

Wyip = 2Xg + W,

Figure 2.14  Averaging width for the reinforcement moment in a cantilever slab, in
case of one concentrated load (left), and two or several concentrated
forces (right). From [Pacoste et al. (2012)].

18 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30-20



2.8.6 Shear force averaging width in cantilever slab

For a single force or a group of forces situated in a row, the critical cross-section
. . +d
for shear forces is always placed at a distance y.; = CT from the concentrated load,

where c and d are defined in Figure 2.15. and Figure 2.16.
For the case of two rows of concentrated loads, the critical cross-section is
chosen according to the principle illustrated in Figure 2.16.

Depending on the position, y, of the critical cross-section on the cantilever, the
averaging width w,,) can be determined through linear interpolation between the
max and min values shown below:

_ { 7d+b+t o
Wmax = MAX 1104 + 1.3y, for y= (2.26)
Wy = min{ 7d+b+t for y =y (2.27)
10d + 1.3y,

Where ynax 1S defined according to Figure 2.15.

'
'
'
7
I
i
I
i
i
I
i
]
'
Wmax
Wa(vg)
Wmnin

Figure 2.15 Averaging widths for shear forces in a cantilever slab, in case of a
single load. From [Pacoste, .et al. (2012)].
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Figure 2.16  Critical sections for shear forces for cantilever slabs, for a single force
(upper left), several forces in a row (upper right), and a group of four
forces (lower center). From [Pacoste, .et al. (2012)].
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2.9 Other guidelines

2.9.1 Introduction

Multiple approaches are presented in this section. These approaches were found
in a research paper by [Lantsoght et al. (2015)]. The authors conducted an experimental
program to determine the shear capacity of slabs under concentrated load close to the
support. The study was conducted after several existing reinforced concrete bridges,
designed according to the Dutch national codes, were found to have limited shear
capacity when assessed. is the problem being due to the development of transportation
and vehicles which resulted in shorter axle distances with higher loads.

2.9.2 Moment distribution
No recommendation for moment distribution is provided in this section.

2.9.3 Shear force distribution

The published paper presented multiple approaches to calculate the distribution
width for shear force. All symbols definitions for equations are mentioned at the end of
this section and illustrated in Figure 2.18.

The “Dutch approach” [Lantsoght et al. (2015)], where horizontal load
spreading is assumed under a 45° angle from the center of the load towards the support
as in Figure 2.17(a)

beff = 2Xcrit (2.28)

The “French approach” [Chauvel, et al. (2007)], where the load is also spread
with an angle of 45° but from the far corners of the loaded area as in Figure 2.17(b)

b,
oad
beff =2 (xCTit + 2 ) + bioaa (2.29)
support support
N beﬁﬁ e N b’lﬂ Ve
N 7/ N 7
N e N s
N | EAT I N s
N N |\/ . N 950 %
N 7 N s
N N \\/
\1'/ N 7
IO?d h N load s -
[
I
@ ®)

Figure 2.17  Distribution width (a) Dutch Practice. (b) French Practice. Redrawn
from [Lantsoght et al. (2015)].

Lubell, Bentz, and Collins [Lubell et al. (2008)] specified a reduction factor
BL on the slab width b

B, = 0.7 + 0.3k (2.30)
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bioad | bsup)
b

K = min ( P

Grasser and Thielen [Grasser et al. (1991)] estimated the distribution width
which was used by the German practice for simply supported one-way slabs:

besr =t, +0.5x <b (2.32)
ty = bioga + d; and ty = ljpgq +d
The above equation is only valid with the below conditions:
0<x<l, ty <08l and t,y<lI

For loads at a clamped end:

0.2<x<l, ty < 0.41 and t, <0.21
Zheng [Zheng et al. (2010)] estimated the distribution width as follows:
beff = lload + l(l - rcp)tancl) ( 234)
Tep = 2224 < 0.4
& =23.3r, +351 where ¢ indegrees
Where
x . Center to center distance between the load and the support.
Xqit - Center to center distance between the load and the critical section.
d, : The effective depth to the longitudinal reinforcement.
ty,t, : Size of the wheel print which is distributed to mid-depth on the concrete slab.
l : Span length.
b  : Slab width.

bipaa - Width of the load.
livaa : Length of the load.
bsyp - Width of support.

gmpjjx—‘ Li_bw_

Figure 2.18 Illustrative figure to clear the parameters related to the mentioned
expressions.
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2.10 Summary of existing guidelines

The previously stated guidelines were summarized and compared in this
section. To facilitate the comparison between mathematical expressions and parameters
that governs the distribution in each expression, all the variable names are unified and
converted to the listed variables in the notation chapter. The guidelines are categorized
according to distribution parameters (moment and shear force) and the location of the
load whether it is located in the span or in the cantilever. All the expressions are listed

below in Table 2.1 to Table 2.4.

Table 2.1

Guidelines that treated moment distribution in cantilever slab.

Distribution of moment at the cantilever slab

B7 [Statens

assuming no edge beam, and without end

Betongkommitté supports:
(1968)] befr = 0.54(x3l, — x)025
Table 2.2 Guidelines that treated moment distribution in the span.

Distribution of the moment at the span

B7 [Statens (2.1) | Perpendicular to reinforcement:
Betongkommitté (2.2) bess = 0.75 Ly + bioga + tr + t.
(1968)] bess < 2.5+ biogq + tr + t.
Krav

Barighetsberékning. | (2.15) bers = 0.75Ly, + bjoaq + tr + ¢,
[Trafikverket (2.16) bers < 2.7+ t; + t,
(2019a)]

BS 8110-1:1997 _ ( _ i)

[BS| (1997)] (2.12) beff 2.4x|1 lm + bload

Table 2.3

Guidelines that treated shear force distribution in cantilever slab.

Distribution of shear force at the cantilever

fib Model Code 2010 [fib

(2013)] (2.14)

bload

beff =2 (xcrit + T) + bioaa

Grasser and Thielen
[Grasser et al. (1991)]

beff = lload + d + 0.3x

02<x<l,,
and

lload +d< 0-4lm
bioga +d < 0.21,,
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Table 2.4 Guidelines that treated shear force distribution in the span.

Distribution of shear force at the span
BBK 79 [Statens
Betongkommitté | (2.11) b = max{ 7d + bioaa
(1979)] efy = 10.65d + 0.65(b1oaa + Livaa)
BBK 04 [Boverket I {7d + bioaa t+ tr
(2004)] (2.10) eff =% 10d + 1.3x,,4
B7 [Statens 3 bioga + 2(tr +t. +d
Betongkommitté Eggg Depr =%+ max{ o (5]21 )
(1968)] '
Dutch approach
EIZ_STS(])QM et al. berr = 2Xcrit
French approach B bioaa
[Chauvel, et al. berr =2 (xc”'t T ) * bioad
(2007)]
Lubell, Bentz and b = min {0-7 lm + 0.3bpaa
Collins [Lubell et eff 0.7 Ly + 0.3bgyy
al. (2008)]
Grasser and beff = bioga +d + 0.5x < [
Thielen [Grasser 0<x<l,, biogq +d < 0.81,,
et al- (1991)] and lload +d < lm
ACI Structural bioaa
Journal. [Zheng et bes = lioaa + (lm = bioaa)tan(23.3 loa +351)
m
al. (2010 b
( d and lload <04
m

fib Model Code
2010 [fib (2013 2.13 b

D EOIN (2B g = 2 (e + 222) tan (60°) + b

To compare the results of each expression, the initial conditions and parameters
used in this study were applied to each expression and the results are shown in Figure
2.19 to Figure 2.22 below.
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Figure 2.19 Moment distribution width at the cantilever.
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Figure 2.20 Moment distribution width at the span.
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Figure 2.21  Shear force distribution width at the cantilever.
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Figure 2.22  Shear force distribution width at the span.
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3 Base model analysis

3.1 Introduction

This chapter presents a full study on one selected geometry. It was considered as
the base model, to which the approach used to determine the equivalent width was
introduced. This chapter is divided into five sections.

The first two sections describe the two models: the FE and the analytical
calculation model. The basic assumptions and parameters such as geometry, boundary
conditions, loading conditions, etc. were presented together with corresponding results.

In the third section, a result comparison between FE analysis and analytical
calculation is made, where the differences are highlighted. Accordingly, the possibility
of enhancing the analytical calculation model is discussed, and several modified models
for the analytical calculations are introduced and compared. Based on this, the most
accurate alternative was chosen.

In the fourth section, by using the chosen analytical calculation model, the results
of the equivalent width calculation process are presented and discussed.

At the end of this chapter, the most important issues that are addressed in the full
parametric study (chapter 4) are discussed. These issues were identified with respect to
how they can influence the results. Strategies to capture them in the full parametric
study were suggested.

3.2 FE model description

This section presents the FE model characteristics. A predefined geometry was
selected, as shown in Figure 3.1.

3.2.1 Software
The analysis was made with Strusoft FEM Design [Strusoft (2020)].

3.2.2 Geometry

The model resembled a section of a bridge deck. The length of the bridge was
defined to be 30 m in order to achieve the effect of an infinitely long slab, as verified
in Appendix A. The main span length I and cantilever length Ik were selected in the
ratio of a = 0.5, i.e. the cantilever length is equal to the main span length since a =

ll—". The slab thickness was chosen to be 0.3 m constant through the slab, see Figure
3.1
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Figure 3.1  Geometry of the bridge deck slab used in the basé model analysis.

3.2.3 Boundary conditions

The deck was assumed to be simply supported on two line supports in the
longitudinal direction, as illustrated in Figure 3.2. Poisson’s ratio was set to zero.

larl
/'/)Z[ =
-~ 2, ~
= —~— =
Figure 3.2  Boundary conditions for the base model. The blue rectangles represent
the two line supports with constrained vertical displacement.

3.2.4 Load

One concentrated load was applied on the bridge deck for each analysis run.
The concentrated load was distributed on an area resembling a vehicle wheel, where
the load print dimensions were taken according to Eurocode to be (0.4 x 0.4 m), as
shown in Figure 3.3. For each analysis run, the load location was shifted in the width
direction, across the slab. Applied load intensity was chosen to be Prp =
6.25 kN/m? which resulted in a total load of 1 kN.
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Figure 3.3 Distributed load on the edge of the slab for the base model. The
highlighted red arrows represent the load of one wheel.

3.2.5 Element and mesh

The mesh size used for this analysis was 0.25 m, as shown in Figure 3.4, which
was found to give accurate enough results for our analysis requirement, as indicated in
Appendix A, showing mesh convergence results. 9 node quadratic shell elements were
used to represent the slab with isotropic properties.

Figure 3.4 FE mesh with 0.25 m x 0.25 m 9 node quadratic shell elements, used for
the base model.

3.2.6 Analysis

Linear elastic analysis for static live load case was conducted for the isotropic
shell model. The results presented hereafter were based on two load locations: the load
at the middle of the span, and the load at the end of the cantilever.
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3.2.7 Analysis results

The results of interest in this study were the internal moment M,, and torsional
moment T,,, which are required to evaluate the reinforcement moment, and the shear
force V,, all in the traverse direction. This section presents a summary of the FE
analysis results for the two load cases according to section 3.2.6.

3.2.7.1 Concentrated load at the end of the cantilever

-0.1787

Eurocade (NA: Swedsh) code: Load cases - LL - (U) - Shels, My - Colour palette - ki)

-0.2316
[-0.2845 ]

Figure 3.5  The moment in Y direction (My) for a concentrated load at the end of
the cantilever, for the base model.

Eurocode (NA: Swedsh) code: Load cases - LL - (U) - Shell, My’ - Colowr palette - [imim] 0.1978
[ 0.1583]

0.1187

0.0791

Figure 3.6  The torsional moment (Txy) for a concentrated load at the end of the
cantilever, for the base model.
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Esrocode (W: Smedsh) code: Load cases - LL- (U] - Shels, Ty'Z - Caiour paette - ] [70.0329]

-0.0725

Figure 3.7  The shear force in Y (Vyz) for a concentrated load at the end of the
cantilever, for the base model.

3.2.7.2 Concentrated load in the middle of the mid span

Figure 3.8 The moment in Y direction (My) for a concentrated load at the middle
of the main span, for the base model.

surocads (NA: Swedi) code: Lead cases - L - U) - Shelk, Wy’ Colour paette - it

Figure 3.9  The torsional moment (Txy) for a concentrated load at the middle of
the main span, for the base model.
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Eurocode (NA: Swedsh) code: Load cases - LL- (U] - Shel, Ty's - Colour palete - D]

0.5730

Figure 3.10 The shear force in Y (Vyz) for a concentrated load at the middle of the
main span, for the base model.

3.2.8 Processed analysis results

This subchapter presents diagrams with extracted FE analysis sectional results.
The results are extracted for different longitudinal sections through the slab
automatically using a python script. These results are for shell internal shear force and
moment. Figure 3.11 below, shows the locations of the selected sections in the

longitudinal direction of the bridge for which the results were extracted.
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Figure 3.11 3D and plan view of the slab model with green lines (blue squares in
the plan view) are the selected sections
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In Figure 3.12 and Figure 3.13. results are presented for the load case when the
load is applied at the middle of the span. Other results can be found in appendix B.
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Figure 3.12  The moment (My) in the selected longitudinal sections parallel to X-axis,
for a concentrated load applied at the middle of the span. The legend
indicates My curves for sections located at distance Y from the origin.
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Figure 3.13  The shear force (Vy) in the selected longitudinal sections parallel to X-
axis, for a concentrated load applied at the middle of the span. The
legend indicates Vy curves for sections located at distance Y from the
origin.
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Based on the sectional shear force and moment distributions shown above, the
average moment M,,, and the average shear force V,,, were evaluated according to
equations ( 3.1) and ( 3.2), respectively.

w
f_zm Mgg dy
Mg, = < W
w
f_zm Veg dy
Vay = ZT

(3.1)

(3.2)

The values for the averaging width w were preselected to represent the common
range of values found in the design recommendations for bridge decks, taking into
consideration the upper and lower margins within the range of the equations stated in
section 2.8.2. The resulting average moments and shear forces, for different preselected
averaging widths, w, were illustrated in Figure 3.14 and Figure 3.15 respectively.
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Figure 3.14 Moment variation and averaged moment values for section Y = 5 m
(Midspan). The legend marks refer to the original non-averaged moment
(w = 30) and to the average moment corresponding to a chosen
averaging width, w.
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Figure 3.15  Shear force variation and averaged shear force values for section Y =5
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The moment and shear force diagrams for an averaging width of w =1 m are
shown below in Figure 3.16 and Figure 3.17 below. Each point in these two figures
represents averaged sectional result, i.e. the average moment and shear force for
w =1m in Figure 3.14 and Figure 3.15. Corresponding averaged values for each Y-
section are combined into one plot to create the shear force and moment diagrams.
Using different averaging widths, w, the moment and shear force diagrams across the
slab in the load centerline will be different.
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Figure 3.16  The averaged moment diagram in the load centerline, for a concentrated
load applied at the middle of the span, based on averaging width w=1.
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Figure 3.17 The averaged shear force diagram in the load centerline, for a
concentrated load applied at the middle of the span, based on averaging
width w=1.
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Using the same procedure, when the load was applied at the edge of the
cantilever, the moment and shear force diagrams are shown in Figure 3.18 and Figure
3.19 respectively.
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Figure 3.18 The averaged moment diagram in the load centerline, for a concentrated

load applied at the edge of the cantilever, based on averaging width
w=1.
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Figure 3.19 The averaged shear force diagram in the load centerline, for a

concentrated load applied at the edge of the cantilever, based on
averaging width w=1.
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3.3 Analytical calculations

The analytical calculation model was chosen according to current engineering
practice, which was a 1D simply supported beam model.

3.3.1 The original analytical calculation model

To represent the transverse section of the analyzed bridge deck, a simply
supported beam of one span and two cantilevers was chosen as shown in Figure 3.20.
The total length of the beam matched the FE model (10 m), both cantilevers are 2.5 m,
with the same cantilever to main span ratio, @ = 0.5. The concentrated load was
distributed over 0.4 m, the same as in the FE model.

._P_J?

‘ 2.5m T 5m ? 2.5m ‘

Figure 3.20  Analytical calculation 1D beam model which represents a transverse
section in the slab.

Similar to the FE model, the total load of the analytical calculation model was
1 kN. Thus, the load for the analytical calculation can be determined by equation ( 3.3).

p o LKN _1kN
= = oam - 2O KN/m (3.3)

Mathcad v15 [PTC (2020)] was used to plot the moment and the shear force
diagrams for two different load positions, i.e. with a concentrated load at the mid-span,
see Figure 3.21 and Figure 3.23, and at the edge of the cantilever, see Figure 3.22 and
Figure 3.24.
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Figure 3.21  Moment diagram for the load acting at the middle of the span.
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Figure 3.22 Moment diagram for the load acting at the end of the cantilever.
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Figure 3.23  Shear force diagram for the load is acting at the middle of the span.
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Figure 3.24  Shear force diagram for the load is acting at the edge of the cantilever.
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3.3.3 Result comparison with the FE model

For the load positioned at midspan, a result comparison between analytical
calculations and the FE model was carried out. The differences highlighted the need to
enhance and calibrate the analytical calculation model to better represent the behavior
of the bridge deck, with its extension perpendicular to the 1D model.

Since the units of internal forces of analytical calculation and FE model were
not identical, the results of the two models were normalized. i.e. the results of each
model were divided by its absolute maximum value. In this way, the behavior and
pattern could be easily compared.

The normalized moment and shear force diagrams acquired from the FE model
and the analytical calculation are shown in Figure 3.25 and Figure 3.26.
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Figure 3.25 Comparison of normalized moment diagrams from FE analysis and
original analytical calculation with load position at the center of the
main span (y = 5m).
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Figure 3.26  Comparison of normalized shear force diagrams from the FE model
and analytical calculation with load position at the center of the main
span (y = 5m).
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Through the moment diagram comparison showed in Figure 3.25, a clear pattern
mismatch between the two models could be identified. In the analytical calculation
results, the moment was considered constant in the cantilever zones with a value equal
to zero. On the other hand, in FE analysis results, a negative moment was observed
which increase from zero at the edge to the maximum at the support. This support
moment is a result of that the slab in the FE model extends in the direction perpendicular
to the studied section, and that adjacent parts of the slab contribute to carry the load.
When the ends of the cantilevers want to deform upwards in the loaded section, the
adjacent parts of the slab counteract this, causing a negative support moment.

A local effect was also observed in the FE model which leads to sharp changes
in the moment values near the load position. This was not considered as a mismatch,
but rather a local effect which was addressed during the evaluation of equivalent width
in the upcoming section 3.3.5.

3.3.4 The modified analytical calculation model

As observed in section 3.3.3, the extra negative moment at the support resulted
in a mismatch of the zero-moment section’s position of FE and analytical calculation
models. Ignoring this mismatch would result in inaccurate calculations of equivalent
width. To avoid this, an extra constrain was given at the support to match the zero-
moment sections’ positions.

To achieve the constrain effect, two different approaches that would not highly
complicate the analytical calculation model were evaluated. In the first one, which is
the simplest, a negative moment was added directly at the support, as shown in Figure
3.27.

P
M M-
- by -
2w M R
| 2.5m | 5m | 2.5m

Figure 3.27  The analytical calculation model with concentrated dummy moments at
the supports, when the load at y = 5 m.

This will give good result representation for the moment distribution in the span.
But, since the moment value is zero in the cantilevers, the models will still have a
mismatch.

The second approach was to add a dummy load on the edge of the cantilever in
such a way both effects can be achieved. As shown in Figure 3.28 and Figure 3.29, the
dummy load can be chosen as a concentrated load or a distributed load, since both of
them are sufficient to express the increment of the negative moment along the cantilever.,
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As they are both easy to utilize, further investigation was done by checking the shear
force diagram as the shear force diagram is the first-order derivative of the moment,
which can be noticed from Figure 3.26. The shear force was approximately increasing
linearly which matches the distributed dummy load and hence would give a more
accurate pattern than the point load. As a conclusion, the modified analytical calculation
model was chosen according to Figure 3.29.

Plr
._|._

Pi P2

l (A A l
J 2.5m T 5m T 2.5m

Figure 3.28  The analytical calculation model with concentrated dummy loads when
the load isaty = 5 m.
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Figure 3.29  The analytical calculation model with distributed dummy loads when the
loadisat y =5m.

The magnitude of the distributed dummy load g, and g, were determined by
matching the zero-moment section’s position in the analytical calculation model to the
FE model. This process was done by python scripting (see appendix C). The
comparison between the moment and shear force diagrams of the modified analytical
calculation model with the previous unmodified model are shown in Figure 3.30 and
Figure 3.31.
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Figure 3.30 Moment diagram of the FE model, analytical calculation with and
without dummy load when the load isaty = 5 m.

1.25 Transvers direction (m)(Y-axis)

-0.75

£

o
N
[

Normalized Vy

o
N
a

0.75 f

1.25

~#— FE model withw=1 —e— Hand calculation without dummy loads ~ —#— Hand calculation with dummy loads

Figure 3.31  Shear force diagram of the FE model, analytical calculation with and
without dummy load when the load is at y = 5 m.

In the case where the load is located on the cantilever, it was observed that the
constrain caused by the extension of the slab would cause a small positive moment on
the support opposite to the load location, which affected the equivalent width values in
the span close to the support. For the case with the load on the cantilever, a dummy
load directed upwards was instead placed on the cantilever of the opposite side to the
main load location as shown in Figure 3.32. The result comparison is shown in Figure
3.33 and Figure 3.34.
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Figure 3.32  Analytical calculation model with distributed dummy loads
when x = 0.2 m.

Transvers direction (m)(Y-axis)

-1.2

™

N

S
)

I
'S

Normalized My

B

o
[N

0.2
w=de== FE model with w=] === Hand calculation without dummy loads === Hand calculation with dummy loads

Figure 3.33  Moment diagram of the FE model, and analytical calculation with and
without dummy load. when the load is at y = 0.2 m.
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3.3.5 Equivalent width

The main purpose of this thesis was to find a relationship between the FE model
and the analytical calculation in order to determine an expression for the equivalent
width, b4, to be used to distribute the sectional forces from the analytical calculation.
Before going further, it is very important to mention that the origin was shifted to the
centerline of the load keeping the X, Y, and Z directions unchanged to make the
scripting process and the representation easier.

At any selected section, the equivalent width for moment and shear force can
be determined by dividing the analytically calculated sectional force with
corresponding average value from the FE analysis, as in equations (3.4) and ( 3.5).

My,
beq(w) = M, (w) (3.4)
Vi

For the modified analytical calculation model, with the dummy loads according
to section 3.3.4 included, the equivalent width of moment and shear forces based on
different averaging widths for different load positions are shown in Figure 3.35 to
Figure 3.37. In these figures, the equivalent width was represented by the distance
between two points on a line parallel to the longitudinal X-axis i.e. parallel to the
supports.

It can be seen in Figure 3.35 the equivalent width for the moment varies, when
the load is applied at the mid-span, in intervals: In the span, at the region surrounding
the load position (the local load effect region), the equivalent width increases
approximately linearly towards the supports until it becomes approximately constant
outside this region. The local load effect region covers approximately half of the span
length. At the cantilever, the distribution is governed by the negative moment caused
by the dummy load; the equivalent width decreases approximately linearly from the
supports towards the edges.

An interesting observation was that the averaging width used for the FE analysis
results, only affect the equivalent width at the local load effect region, the influence at
all other parts was negligible.
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Figure 3.35 The equivalent width of the moment when the load is at y = 5m, for
different averaging widths, w.
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The equivalent width for shear force was more influenced by the averaging
widths, see Figure 3.36. The equivalent width changes more than for the moment within
the local effect region at mid-span. However, the pattern for the change in equivalent
width is similar to the change in equivalent width for the moment: it increases linearly
from the load position towards the supports within the local load effect region and then
becomes almost constant (or has a much smaller inclination). At the cantilever, the
equivalent width shows a bilinear behavior. Moving from the supports towards the
edges, it first increases and then decreases. It was also observed that the equivalent
with for shear force varied more than that for the moment, it was smaller in the span,
while it was larger in the cantilever.
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Figure 3.36  Equivalent width of shear force when the load is at y = 5m, for
different averaging widths, w.

When applying the load at the edge of one cantilever, as shown in Error!
Reference source not found., the equivalent width of both moment and shear force
show similar patterns at the span and the opposite cantilever (without the main load).
At the span, in the direction away from the main load, the equivalent width first
increases but ends up with a constant value. At the opposite cantilever, it decreases in
the same direction. At both mentioned regions, the equivalent width shows negligible
dependence on the averaging widths used for the FE analysis results. However, at the
cantilever subjected to the load, the influence of averaging width is significant. For the
moment, in the direction away from the load, if the averaging width was chosenas w =
1.5 m, the equivalent width was almost constant. If instead w < 1.5 m it it increases,
and oppositely it decreases when w > 1.5 m. For shear force the equivalent width
increases from the load towards the support, and the inclination is inversely
proportional to the averaging widths.
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Figure 3.37  (Left) Equivalent width of the moment when the load is at y = 0.2 m,
(Right) Equivalent width of the shear force when the load isat y = 0.2 m.
Shown for different averaging widths, w.
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3.4 Discussion and conclusion of the base model study and
prediction for full parametric study.

To conclude this chapter, several aspects were highlighted and discussed.
Furthermore, the influence of these aspects on the results was clarified as the base
model was the starting point for the parametric study in the next chapter.

3.4.1 Dummy load

As explained in section 3.3.4, the dummy loads were used for compensating the
mismatch between the FE and analytical calculation models. The mismatch was
because the 1D beam model did not have an extension in the longitudinal direction of
the bridge and, consequently, could not reflect the constrain from other parts of the slab,
as the 2D FE model did.

The averaging width w represents a chosen width of the slab, over which the
sectional force or moment from the FE analysis was averaged. However, in the FE
analysis, the load was not resisted only by the part of the slab within this width; the
remaining part of the slab also contributed to the resistance and obtained internal forces
at both sides of the chosen width. Consequently, the dummy load would not be needed
if the whole bridge length was selected as the averaging width.

It is noticeable that the intensity of the dummy load was inversely proportional
to the averaging width w. Or to be precise, it was inversely proportional to the ratio of
the stiffness of the slab within the chosen averaging width in relation to the whole slab’s
stiffness, since the stiffness is the parameter directly related to the contribution of
resistance.

The study of the base model showed that, when the load was located at the
cantilever, the direction of the dummy load was always upward, as in Figure 3.32. On
the contrary to the main load effect, from self-weight and distributed traffic load, the
dummy load created a positive moment in the cantilever and at the support. However,
this is not critical for design since the main load effect at these positions always is the
negative moment. In this case, the contribution of the dummy load counteracts the main
load effect. Hence, to obtain a conservative design, the dummy load should be
neglected. Consequently, the dummy load was not included for the load case with the
main load located at the cantilever.

When the load was located at the span, the dummy loads created negative
moments in the cantilevers and at the supports. This contribution increases the critical
moment at the supports and can therefore not be neglected. For the base model study,
the intensity of the dummy load versus load location in the span is shown in Figure
3.38. To determine the intensity of dummy load, the effect of other parameters such as
the slab thickness, span length, cantilever to span ratio, etc. must be studied and hence
a full parametric study will be carried out in Chapter 4. As a conclusion, a simplified
relation between the dummy loads and related parameters is necessary to be provided
as a guideline for designers.
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Figure 3.38  Relation between g1 value and the load position in the span.

3.4.2 Influence and dependency of the averaging width.

The equivalent width b, , that was to be determined in this study, is related to
the choices of averaging width w used for the FE analysis results. The limitation of
choosing the averaging width for both moment and shear force was treated in [Pacoste
et al. (2012)].

Based on the results of the base model, it was found that a more conservative
equivalent width b,, was obtained by choosing a smaller averaging width w. This can
be seen from Figure 3.35 to Figure 3.37. It was also determined that the value of b,

was not highly affected by the average width. This indicated that results for w = 0 were
accurate enough to establish conservative recommendations for b,.

3.4.3 Influence of torsional moment

As mentioned in section 3.2.7, the moment values that were extracted from the
FE shell analysis of the base model study were shell element internal moment in the y-
direction M,,. Hence, the equivalent width values shown in Figure 3.35 and Figure 3.37

were based on the internal moment.

On the other hand, for the design of reinforced concrete slabs, the “design
moment” M,.,, is required. Consequently, the equivalent width should rather relate to
the design moment instead. The design moment M,,,, can be calculated from the
internal shell moment M,, and the torsional moment T,,, according to equation ( 3.6)
[Engstrom B. (2011)]. The factor p can be taken as 1 to have a conservative assumption.

Myy = My, + [Ty | (3.6)

In Figure 3.39 and Figure 3.40, a comparison was done between M,,, and M,,

for two typical load positions using averaging width w = 0. For the bottom
reinforcement design, where the positive moment is critical, a positive contribution
from the torsional moment was accounted for (+|Txy|); while for the top reinforcement

design a negative effect was included (—|Txy|).
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Figure 3.39 Illustration of the effect of the torsional moment in comparison to the
moment M,, obtained from the shell FE analysis when the load is located
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Figure 3.40 Illustration of the effect of the torsional moment in comparison to the
moment M,, obtained from the shell FE analysis when the load is located

aty=5m.

To include the torsional moment in the calculation for equivalent width would
have complicated and would have required more data from the FE model to be
processed. However, as suggested in 3.4.2, the conservative approximation is to use
w = 0, and hence the torsional moment is zero.

3.4.4 The selected averaging width for parametric study

As a conclusion from the discussions of section 3.4.2 and 3.4.3, the averaging
width was chosen to zero for the rest of this study. This selection was considered
conservative, yet accurate enough not to introduce any large approximations for the
equivalent width for analytical calculations.
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4 PARAMETRIC ANALYSIS
4.1 Introduction

This chapter focus on the general process of a full parametric analysis in order
to explain the approaches used for establishing and verifying the generated guideline
for choosing equivalent width in the analytical calculation model. For each part of the
process, the results are addressed in the next chapter or in the appendixes.

The 1% section describes the parametric study process and how the base model
variations were chosen. Other study process steps are presented, such as the FE model
processing data extraction, formats and verifications, respectively.

The 2" and the last section present the used automation method and the script
structure that was utilized to produce the models, extract data, and verify the results.
This section enables the user to understand and upgrade or modify the script code for
future use, as a tool in related research studies or in a continuation of this project.

4.2 General process

The parametric study was carried out based on the conclusion made in the
convergence study and the base model study. The general process of parametric study
is illustrated in Figure 4.1.

Selecting the FE analyzing
base model = and data =
variations processing

Results m) | Expression
Expression verification

Figure4.1  The parametric study process.

4.2.1 Selecting the base model variations

The purpose was to study the influence of some geometrical and material
properties. The main idea was to change one parameter of the base model at a time and
compare the results.

The following parameters were selected, and the specified variations were given
for each parameter, as shown in Figure 4.2:

* The total deck width, (1,,, + 21,) = 10 m in the base model, was here increased to 20 m.

* The cantilever to span ration, ¢ = ll—" = 0.5 in the base model, was here changed to 0.25

m

and 0.75, respectively.

* The constant slab thickness, t = 0.3 m in the base model, was here changed to variable
thickness, see Figure 4.3. To achieve this, three different thickness combinations in the red
dashed boxes were examined. The thickness in the arrays mentioned in Figure 4.2 refers to
the effective depth of each slab part in the sequence of t = [dedge, d dmials @ shown
in Figure 4.3. The slab is symmetrical about its mid-span section.

*  Young’s modulus, E = 35 GPa in the base model corresponding to concrete strength
C40/50, was here changed to 27 GPa corresponding to concrete strength C12/15. This
variation was not expected to influence the results.

supp»
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* The constant slab thickness, t = 0.3 m in the base model, was here changed to 0.45 m. This
variation was not expected to influence the results.

| t =[0.15,0.3,0.3]m
b o - —1 ————— J Double Slab width
(In +20) X2=20m

t=03m
a=05
=0.25 > (lm+21 ) =10m > _
“ concrete strefzgth C40/50 (E @ =075
=35 GPa)
= - s o o 1 ————— l
| t = [0.15,0.3,0.45]m |
TIITTRICTI |
I t =10.15,0.3,0.15lm I
Figure 4.2 Base model variations.
¥ S 3
,_Gm -ua "GE
Figure 4.3  Effective depth of the bridge deck transverse section.
Where:
deage The effective depth at the edge of the cantilever (m).
Asupp The effective depth at the support(m).
dmia The effective depth at the midspan(m).
I Span length (center to center) (m).
Iy Cantilever length (edge to center) (m).
E Young’s modulus of elasticity (GPa)
a The ratio of cantilever length to the length of the span. (Unitless)

4.2.2 FE analyzing and data processing

By automating the FE analysis with python scripting, the FEM design software
[Strusoft (2020)] was controlled to run analyses with each variation of the parameters
automatically. Subsequently, the FE results were sorted and processed together with the
analytical calculation model. Finally, the dummy loads and the equivalent widths for
both shear force and moment were stored in spreadsheet databases in Microsoft Excel
[Microsoft Corporation (2020)] and plotted in graphs. The details of the script structure
used for this process are introduced in section section Error! Reference source not
found.. The plots of dummy loads and equivalent width are presented in appendix B
and appendix C.
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4.2.3 Curves fitting and expression

In order to create the distribution width expression that provides the best
approximation for the equivalent width and dummy loads, and conservatively cover the
base model and its variations explained in section 4.2.1, a graphical curve fitting was
carried out using graphical linear regression. The curve fitting was done on the
generated results (charts) of equivalent widths that were mentioned in section 3.3.5.
The graphical curve fitting was implemented manually for each of the result charts.

The curve fitting started by fitting simple linear or bilinear relations for all the
equivalent width results acquired from the base model and all the variations. These
fittings were then represented mathematically by piece-wise linear functions based on
the linear equation:

y=mx+b (4.1)

Where y (m) is distribution width and represents the approximated equivalent width
value at a section distance x (m) from a specific origin, and m (unitless) is the slope of
the fitted line, and b (m) is the initial (minimum or maximum distribution width).

The final step was to specify the intervals for bilinear fitting and find a
conservative relation between the constants m and b and the base model variations.

For the dummy loads, the expression could not be expressed linearly as the
required fitting accuracy was high, and hence was more complicated in terms of pure
graphical curve fitting since the relationship was non-linear. To simplify the fitting,
multiple mechanical relations were tested such as the equation below:

P, (X orit) (L, — Xorip)?
Msupport — h( crlt)(lrzn crlt) (4_2)
m

Equation 4.2 gave the best fit to the base model dummy loads results. To improve
the accuracy, it was calibrated graphically by using constants C; and C,.

All the expressions of equivalent width and dummy load are presented in
chapter 5. After this step, the guideline of the distribution width for analytical
calculation was established.

4.2.4 Envelope verification

To verify the new guideline for analytical calculation, it was crucial to compare
its results with the pure FE model results. In an analytical bridge slab design, the
equivalent width is used for the calculation of envelopes for the moment and shear
force. The retrieved results should then be equivalent to the FE results. As the envelope
expresses the most critical sectional forces at each position of the bridge deck, for all
possible load position of the load applied, it is the most important result to compare.

To calculate the envelope for analytical calculation, a python script according
to section 0 was used. In this script, the expression of the equivalent width presented in
section 0 was utilized.

For the FE model, the envelope was established by using the existing sectional
results from FE analysis. Based on the conclusion in chapter 3, the envelope for the FE
model was created using the averaging width w=0. The comparison of the two
envelopes is presented in chapter 5.

52 CHALMERS, Architecture and Civil Engineering, Master’s Thesis ACEX30-20



4.3 Program controlling and data processing by Python
scripting

The script utilized multiple python Application programming interfaces
(APIs)such as Pandas [The pandas development team. (2020)], Nympy [Harris et al.
(2020)], XLSXWriter [John McNamara (2020)], and Strusoft FEM Design 19 wrapper
[Strusoft (2019)] that automatically generated FE models, run the analysis, and
collected results. The Strusoft FEM Design APl was modified to fit our purpose in
terms of data extraction, and a copy can be found in appendix D. The FE results were
ingested by the script, and the final processed results were extracted in Microsoft Excel
[Microsoft Corporation (2020)] sheets with multiple charts that showed the results.

The automation process could be summarized in the block diagram shown in
Figure 4.4. Each block includes multiple modules that execute a specific task. All the
inputs related to the models' geometrical or physical characteristics and FE analysis
parameters were embedded in the script. Thus, running the script resulted in an Excel
file that contained multiple sheets with titles that represented the load moving from the
edge to the middle of the deck in a specified step. Each sheet included the following:

e Moment and Shear force-related data which are averaged values for various

averaging widths (w),

e FE model Moment and Shear force sectional values,

e Analytical beam model Moment and Shear force sectional values, and

e calculated equivalent width values

All these values were presented as data and in terms of various charts on the same sheet.

Main.
/ Py i

Plate.py
A 4
v Parser.py
FEMDesign
/ v \
Handcal.py X_section_w.py Y_integration_w.py

Figure 4.4 Block diagram for the Python script

Main.py

This was the main control script which calls all the other main scripts and
iterates through all the main modules “Deck”, “Analyze”, and “xIsExcel”. It included
all the inputs for all the other functions in terms of required parameters, model
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characteristics, etc. The majority of the variables were stored in two dictionaries FEMIn
and ParserlIn.

Plate.py

It contained one module called “Deck” which Creates the XML model file
according to the input dictionaries “FEMIn” and “ParserIn”, then run the required
analysis and command FEMDesign software to extract predefined results files. It
utilized FEMDesign API wrapper [Strusoft (2019)] in the process.

Parser.py

It included various modules that were controlled by the “Analyze” module.
These modules would process and extract the sectional data from the CSV files
according to the section coordinates. Further calculations such as, averaged moment
and shear according to averaging width (w), and the required analytical calculation
values for that section were done by utilizing the below tree blocks. The block export
fully analyzed data back to the main block in terms of a dictionary “Para_dict”.

Handcal.py

It included modules that calculated the moment and shear force of the analytical
calculation model. Furthermore, included the functions based on the FE moment results
to calculate the dummy loads for each iteration.

X_section_w.py

It was a script that used the coordinate and FE sectional results to interpolate
the required section between two longitudinal sections of the FE model results, and
subsequently, selected the interpolated FE result within the given averaging width of
that longitudinal section.

Y _integration_w.py

This script integrated the interpolated section and calculated the averaged
moment and shear values according to the list of averaging width for each section.

XLSX.py

This script formatted, wrote, and created charts for the data in the dictionary
“Para_dict” in a sheet that was named based on the load position.

Envelope calculation.py

This was a calculation script that utilized the expressions of equivalent widths
and the dummy loads for the analytical calculation model to generate with the help of
Handcal.py the envelope for the analytical calculation model and stored results in a
CSV file. the results in the CSV file were later copied manually to the excel that
contained the FE envelopes to be compared and verified.
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Excel

Done manually

Envelop.py

Handcal.py

Figure 45  Envelop calculation.py
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5 RESULTS

5.1 Introduction

This chapter presents and discusses the results of the parametric study,
distribution width, and dummy loads expressions.

In the beginning, the expressions of the distribution width and dummy loads that
were generated based on the parametric study are presented, with their conditions and
limitations.

Following that, a result comparison between FE analysis and analytical
calculation is presented using the moment and shear force envelops, and the differences
are discussed.

At the end of this chapter, is a comparison of the expressions presented here to
those in other guidelines, presented in chapter 2.

5.2 The expression of distribution width (befr)

In this section, the expressions that were generated from curve fitting are
presented, see Figure 5.1. These expressions were generated based on the limited
number of variations that were made in the parametric study as discussed in chapter 4,
and where the results of the fitting can be found in Appendix B and Appendix C. The
generated expressions cover all the variations in a conservative and accurate approach.

5.2.1 The distribution width for the moment

The distribution width for the moment can be expressed by the following
equations ( 5.1) to ( 5.5).

5.2.1.1 When the load is positioned at the cantilever
The distribution width at the same cantilever is:

d
begs = b o+ 220 = (5.1)
supp
The distribution width at the span is:
besr =l - a + 2x-%+2(xmt—x)-tan 30° (5.2)
supp
Where:
a The ratio of cantilever length to the length of the span. (Unitless)
bers Distribution width (m).
deage The effective depth at the edge of the cantilever (m).
Asupp The effective depth at the support(m).
I Span length (center to center) (m).
X Distance between center load to the center of the nearest support (m).
Xerit Distance between the center of the load to the critical section(m).
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5.2.1.2 When the load is positioned at the span
The distribution width at the span is:
berr=2m+0.1+ 1l x-m™* + 2xq - tan30° (5.3)

The distribution width at the cantilever which is closest to the load:
bess =2m+ 0.1 L,x-m™ + 2x-tan 30° (5.4)

The distribution width at the cantilever which is furthest from the load:

berr=2m+ 01"y, x-m™ "+ 2(ly —x) - tan 30° (5.5)
Where:
a The ratio of cantilever length to the length of the span. (Unitless)
berr Distribution width (m).

deage The effective depth at the edge of the cantilever (m).
Asupp The effective depth at the support(m).

L Span length (center to center) (m).
X Distance between center load to the center of the nearest support (m).
Xerit Distance between the center of the load to the critical section(m).

5.2.2 The distribution width for shear force

The distribution width (m) for shear force can be expressed by the following
equations ( 5.6) to ( 5.9).

5.2.2.1 When the load is positioned at the cantilever
The distribution width at the same cantilever and the span is:

Ex-@+2x i+ * tan 30°
berr =max33” dgupp crit where x > 0.5b,,44 + d (5.6)
bload
Where:

a The ratio of cantilever length to the length of the span. (Unitless)
beffs Distribution width (m).
bioad Width of load(m).

d The effective depth (m).
deage The effective depth at the edge of the cantilever (m).
Asupp The effective depth at the support(m).

Ly, Span length (center to center) (m).

X Distance between center load to the center of the nearest support (m).
Xerit Distance between the center of the load to the critical section(m).

5.2.2.2 When the load is positioned at the span
The distribution width at the span:
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0.5x + 2x,,;; - tan 30°

where x > 0.5b,9qq + d (5.7)
bload

besr = max{
The distribution width at the cantilever which is closest to the load:

0.5x + 2x - tan 30°

b = max{
eff bload

where x = 0.5b;,,4 + d (5.8)

The distribution width at the cantilever which is furthest from the load:

bers = max {O.Sx T 2(n = %) an30° e x > 0.5bypqq + d (5.9)
bload
Where:
a The ratio of cantilever length to the length of the span. (Unitless)
berr Distribution width (m).
bioad Width of load(m).
d The effective depth (m).

deage The effective depth at the edge of the cantilever (m).
Asupp The effective depth at the support(m).

Ly, Span length (center to center) (m).
X Distance between center load to the center of the nearest support (m).
Xerit Distance between the center of the load to the critical section(m).

The limit (x = 0.5b;y44 + d) is the limit of the “cutoff” region which is defined
and discussed in section 5.4.1.2.
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Figure 5.1

Proposed expressions for distribution widths (Equations 5.1, 5.2, and 5.6)
compared to calculated distribution widths for the base model (Chapter 3). Shown
for the load at y=0.2 m and different averaging widths, w. (Left) Distribution width
for the moment distribution and (Right) Distribution width of the shear force

distribution.
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5.3 Expression of the dummy load

As explained in chapter 3, dummy loads on the cantilevers are needed for correct
estimation of moment and shear force by analytical calculation when the load is
positioned at the span. Unlike the distribution width, the expression for the dummy load
was more complicated to determine. Due to that, a case-specific expression was
determined only for slabs with constant thicknesses; to determine a common expression
that would fit all the cases, also with varying slab thickness, was found to be too
complicated.

Through the parametric study, it was noticed that the constants C; and C, were
case-specific, as shown in Table 5.1, and that several valid combinations of constants
C, and C, were possible.

5.3.1 Dummy load for bridge slab with constant effective depth
5.3.1.1 When the load is positioned at the span

The intensity of the dummy load at the cantilever which is closest to the load:
ZPh'bload'x'(lmz_x)'(lm_x+cz'm) (5.10)
le - 1

gy =Ci-x-

The intensity of the dummy load at the cantilever which is furthest from the load:

_2Ph'bload'x'(lm_x)'(x‘l'cz'm)

gz =Cy - x Z. 2 (5.11)
k m
Where:

Ln Span length (center to center) (m).

lg Slab length (m).

P, Analytical calculation point load value (kN)

Liot Total width of the slab (sum of span length and two cantilevers) (m).
bioad Width of load(m).
q1, 92 Dummy loads (kN/m)

X Distance between center load to the center of the nearest support (m).

For the base model variations in Figure 4.2, except for varying effective depth,
the constants C; and C, may be chosen according to Table 5.1.

Table 5.1 Constant value for specific cases
Parameters Combination (o C,
Base model 0.35 1.3
Variation with changed thickness [ d = 0.45] 0.35 1.3
Variation with changed Young's modules [ E = 27 GPal] 0.35 1.3
Variation with changed span ratio [a = 0.25] 0.3 1.3
Variation with changed span ratio [a = 0.75] 0.37 1.3
Variation with changed slab width [w;,; X 2] 0.4 1.3
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Figure 5.2 Relation between g1 value and the load position in the span.

5.4 Result verification

As mentioned in section 4.2.4, a comparison of envelopes of critical moments
and shear forces was made to verify the accuracy of the expressions for distribution
width and dummy load. Since the expression for the dummy load was case-specific and
did not provide accurate enough results for all the cases mentioned in Figure 4.2, the
comparison was only carried out for the base model.

5.4.1 Base model envelope comparison
The envelope comparison of the base model is discussed hereafter.

5.4.1.1 Envelope for moment

The envelope comparison between the analytical calculation, with the
expressions in section 0, and FE analysis is illustrated in Figure 5.3

-0.4

-0.3 - —

My (kN.m)
o
o [N
o

HARM

|

|

|

|

—e—
S

0.2 W

0.3

Load position on Y-axis(m)
—0— FEmax FEmin analytical max analytical min
Figure 5.3 Comparison of the envelopes of the moment for multiple load positions
along the Y-axis from edge to edge of the slab. (FEmax/FEmin
represents Maximum/Minimum values from FE analysis, respectively.
Analytical max/analytical min represents Maximum/Minimum values
from analytical calculations, respectively).
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From the figure, it is clear that the expressions of the distribution width and
dummy load developed, the analytical calculation gives conservative values for the
critical moment with small marginal in most positions. The only mismatch is for a
positive moment at the cantilever. However, as discussed already in chapter 3, in
design, the positive moment at the cantilever should not be considered as a critical
sectional force.

As a conclusion, the expressions of the distribution width and corresponding
dummy load will, when used with the updated analytical calculation model, give
conservative and highly accurate results.

5.4.1.2 Envelope for shear

The comparison of the envelope for shear was much more complicated than that
for moments. It can be noticed that in all expressions for shear in section 5.2.2, the
distance between the studied section and the load has a lower limit of (0.5b;,44 + ).
According to fib model code 2010 [fib (2013)]and as in Figure 2.10, the prevailing
failure mode in this region is punching failure rather than one-way shear failure, a type
of failure not treated in this thesis. The other reason that made the comparison more
complicated was the local effect in FE analysis. When the studied section was close to
the load, the equivalent width determined from the division between the shear forces
from FE analysis and analytical calculation was much bigger than the distribution width
determined by the expression in section 5.2.2. Consequently, the obtained averaged
shear force by the expression is over-conservative. Due to these two reasons, for all the
load positions, the averaged shear force at the studied sections within this region should
not be included in the envelope comparison, therefore a “cutoff” was made.

An envelope records both the maximum and minimum sectional force at all the
studied sections for each load position. To make a “cutoff” means here that the obtained
average shear force was replaced by zero at the sections within the region (x <
0.5b;,4q + d). In this way, the influence of the averaged shear force on the envelope
was eliminated within this region. The extent of the region where “cutoff” was applied
(x < 0.5b;,44 + d) was in this thesis defined as the region for which punching shear
limits the capacity.

The “cutoff” influences the average shear force obtained from both FE and
analytical calculation model. However, to see the influence of this “cutoff”, three
envelope comparisons were carried out.
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Figure 5.4 First Comparison of the envelopes of averaged shear force for multiple
load positions along the Y-axis from edge to edge of the slab between
FE and analytical calculation model (both without “cutoff”).
(FEmax/FEmin represents Maximum/Minimum values in FE model
shear force diagrams respectively, analytical max / analytical min
represents Maximum/Minimum values in analytical calculation model
shear force diagrams respectively).

In Figure 5.4, niether the FE or analytical calculation model used any “cutoff”.
Generally, the average shear force obtained from analytical calculation was too
conservative compare to that from the FE model. However, the figure also shows that
the results from the analytical calculation model is unconservative at both cantilever,
where the analytical calculation gives zero shear force. As explained in section 3.4.1,
this load effect at the cantilevers of the FE model was caused by restraint given by the
cantilever when the load was positioned at the opposite cantilever. It was also
concluded in section 3.4.1 that this load effect can be neglected and still obtain a
conservative design.

The envelope comparison showed a bigger difference in the positions close to the
support. The reason was that, for load positions close to the supports, the expression in
section 5.2.2 gave very small distribution width, while the FE results were governed by
the local effect, which gave a much bigger equivalent width in this region.
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Figure5.5  Second comparison of the envelopes of averaged shear force for
multiple load positions along the Y-axis from edge to edge of the slab
between FE (without “cutoff”’) and analytical calculation model (with
“cutoff”’). (FEmax / FEmin represents Maximum/Minimum values in FE
model shear force diagrams respectively, analytical max/ analytical min
represents Maximum/Minimum values in analytical calculation model
shear force diagrams respectively).

In Figure 5.5, the analytical calculation model used the “cutoff” while the FE
model did not. Compared to Figure 5.4, the shear force from the analytical calculation
model became much smaller at the positions closer to the support. However, there is
still in a big difference to the FE results.

In the span, it was noticed that the analytical calculation now was
unconservative. The reason was that the “cutoff” was only used for the analytical
calculation model, but the FE model still included the local effect within the “cutoff”
region.
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Figure 5.6  Third comparison of the envelopes of averaged shear force for multiple
load positions along the Y-axis from edge to edge of the slab between
FE and analytical calculation model (both with “cutoff”).
(FEmax/FEmin represents Maximum/Minimum values in FE model
shear force diagrams respectively, analytical max /analytical min
represents Maximum/Minimum values in analytical calculation model
shear force diagrams respectively).
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The best agreement between the envelopes were obtained when the “cutoff” was
made for both analytical calculation and FE model, as shown in Figure 5.6. The
envelopes from the two models got a better match, but still, the difference was
considarable at the positions close to the support.

As a conclusion, the expression of the distribution width for shear force was over-
conservative at positions close to the support, hence further optimization can be made
to enhance the accuracy.

5.5 Comparison with existing guidelines for distribution
width

As stated in chapter 1, this thesis aimed to create a more accurate guideline for
distribution width for analytical calculation. Based on the findings in this study, new
expressions for distribution widths to be used with the proposed method for analytical
calculations were presented in sections 5.2. and 5.3. In this section, a result comparison
with other guidelines, presented in chapter 2, is carried out.

5.5.1 The distribution width for the moment

For the moment, the most critical sections were over the support where the
maximum negative moment is located and at mid-span where the maximum positive
moment is located, hence these two sections were chosen for comparison of the
distribution width. The comparison was made for three base model variations, as shown

in Table 5.2. to Table 5.4.

Table 5.2 Comparison distribution width for the moment, first base model
variation.
t=03m,a=0.3, and (I, +2];) X2=8m
load at cantilever; | load at midspan;
B, at support B, at midspan
This thesis 41m 3.25m
B7 [Statens Betongkommitté (1968)] 0.44m 29m
Krav Barighetsberakning. [Trafikverket N/A 2.7m
(2019a)]
BS 8110-1:1997 [BSI (1997)] N/A 3.4m

Table 5.3 Comparison distribution width for the moment, second base model
variation.
t=03m,a=04, and (I, +2];) X2=10m
load at cantilever; | load at midspan;
B, at support B,, at midspan
This thesis 6.267 m 3.54m
B7 [Statens Betongkommitté (1968)] 0.612 m 29m
Krav Bérighetsberakning. [Trafikverket N/A 2.7m
(2019a)]
BS 8110-1:1997 [BSI (1997)] N/A 3.73m
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Table 5.4

variation.

Comparison distribution width for the moment, third base model

t=03m,a=0.5, and (I, +2l;) X2=12m

load at cantilever; | load at midspan;
B,, at support B, at midspan
This thesis 8.6m 3.8m
B7 [Statens Betongkommitté (1968)] 0.782 m 29m
Krav Barighetsberakning. [Trafikverket N/A 2.7m
(2019a)]
BS 8110-1:1997 [BSI (1997)] N/A 4m

For the case when the load is applied at the cantilever the distribution width is
only treated in B7 [Statens Betongkommitté (1968)]. As compared to that, the
distribution width determined in this thesis is much bigger. This leads to considerably
smaller design moments and a reduced amount of reinforcement.

For the case with the load at the mid-span, the distribution width determined in
this thesis was bigger than according to [Trafikverket (2019a)], which is the guideline
that is currently used in Sweden for structural assessment, this shows that Trafikveket’s
guideline is conservative. However, the comparison also shows that the distribution
width determined in this thesis was slightly conservative compared with the one
obtained by [BSI (1997)].

For the load positioned in the span, the analytical calculation approach of this
thesis also accounts for the negative moment over the support through the influence of
the dummy load. This negative moment reduces the positive moment at the mid-span.
When this effect was included, the averaged moment at the span determined according
to this thesis was even closer to one obtained by [BSI (1997)].

5.5.2 The distribution width for shear force

The comparison of the distribution width for shear force was carried out using the
same base model variations as for the moment. The chosen critical sections for
comparison were the sections located slightly outside the punching shear region,
(0.5b;,4q4 + d) away from the load. The comparisons are presented in

Table 5.5. to Table 5.7.
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Table 5.5
variation.

Comparison distribution width for the shear force, first base model

t=03m,a=0.3, and (I, +2l;) X2=8m

load at cantilever,
xC«rit - 05 m

load at midspan,
xcn-t = 05 m

(2010)]

This thesis 1.44m 1.83m

fib Model Code 2010 [fib (2013)] 1.8m 1.8 m (45°)
to 2.82 m(60°)

BBK 04 [Boverket (2004)] N/A 3.65m

B7 [Statens Betongkommitté (1968)] N/A 3.375m

Dutch approach N/A 1m

[Lantsoght et al. (2015)]

French approach N/A 1.8 m

[Chauvel, et al. (2007)]

Lubell, Bentz and Collins [Lubell et al. N/A 3.5m

(2008)]

Grasser and Thielen [Grasser et al. 1.19m 1.95m

(1991)]

ACI Structural Journal. [Zheng et al. N/A 3.86m

Table 5.6 Comparison distribution width for the shear force, second base model
variation.
t=03m,a=04, and (I, +2];) X2=10 m
load at cantilever, | load at midspan,
Xerit = 0.5m Xerit = 0.5m
This thesis 1.93m 1.97m
fib Model Code 2010 [fib (2013)] 1.8 m 1.8 m (45°)
to 2.82 m (60°)
BBK 04 [Boverket (2004)] N/A 3.65m
B7 [Statens Betongkommitté (1968)] N/A 3.58m
Dutch approach N/A 1m
[Lantsoght et al. (2015)]
French approach N/A 1.8m
[Chauvel, et al. (2007)]
Lubell, Bentz and Collins [Lubell et al. N/A 3.89m
(2008)]
Grasser and Thielen [Grasser et al. 141m 2.09m
(1991)]
ACI Structural Journal. [Zheng et al. N/A 4.25m

(2010)]
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Table 5.7
variation.

Comparison distribution width for the shear force, third base model

t=03m,a=0.5, and (I, +2];) X2=12m

load at cantilever,
xcrit == 0.5 m

load at midspan,
xcn-t = 0.5 m

(2010)]

This thesis 244 m 2.08 m

fib Model Code 2010 [fib (2013)] 1.8 m 1.8 m (45°)
to 2.82 m (60°)

BBK 04 [Boverket (2004)] N/A 3.65m

B7 [Statens Betongkommitté (1968)] N/A 3.75m

Dutch approach N/A 1m

[Lantsoght et al. (2015)]

French approach N/A 1.8m

[Chauvel, et al. (2007)]

Lubell, Bentz and Collins [Lubell et al. N/A 4.2m

(2008)]

Grasser and Thielen [Grasser et al. 1.64m 2.2m

(1991)]

ACI Structural Journal. [Zheng et al. N/A 4.57m

Through the comparison, it was noticed that the distribution width determined
in this thesis was conservative compared to several of the references found. This was
true even though the the expression was limited to exclude one-way shear failure within

the punching shear region.
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6 Discussion
6.1 Introduction

This chapter discusses the most important questions a designer would have when
utilizing this guideline. It begins with a discussion of the general method used in this
thesis. After that, the difficulties that were faced in the research study and
considerations of using the recommendations developed in this thesis are discussed. At
the end of this chapter, a discussion about how an optimal design can be achieved is
made.

6.2 General method

The general methodology used in this thesis was to determine recommendations
for the analytical calculation by comparing the results of linear 2D shell FE models
with the 1D beam model. In other words, the expressions for distribution width, to be
used together with the analytical 1D beam model, reflects approximately the 2D shell
analysis results. By using the proposed analytical calculation model, the
recommendations given in this thesis gives an approximation of the 2D she.ll FE result.

As the 2D shell FE modeling is one of the most common design methods for a
one-way bridge deck design and is usually considered to be of high accuracy, it was
reasonable to use this to calibrate the analytical calculation model.

6.3 Difficulties

For calculation of the moment, a simple analytical calculation model, consisting
just of a simply supported beam with cantilevers, does not express the constrain from
the slab cantilever that causes a negative moment at the supports. With such a model,
there will be no support moments for a load in the midspan, and there will be a mismatch
of the zero-moment positions, compared to the shell FE analysis. In order to reflect the
effect of the constraint from the slab cantilever, dummy loads were introduced for the
beam model. The magnitude of the dummy loads on the cantilevers were obtained by
matching the zero-moment positions of the two models.

To obtain accurate results by analytical calculation, the size of the dummy loads
must be accurately determined for all different base model variations. However, to
generate a general expression for the dummy load became the largest challenge of this
thesis due to the three-dimensional behavior of the slab, which cannot be approximated
to 2D beam response without sacrificing accuracy. Thus, instead of a common
expression, a case-specific expression valid for constant slab thickness was determined,
without sacrificing the simplicity of the expression.

Two approaches to overcome this challenge were considered. The approach, used
in this thesis, was to determine an expression for the magnitude of the dummy load.
However, this approach would have required a deeper study of the constraint effect to
find a general expression. The other approach considered was to model the cantilever
and the simply supported span separately in two different models, in such a way that
the dummy load at the cantilever can be avoided. When using the second approach for
a bridge deck with a cantilever, the negative support moment caused by a load in the
mid-span of the simply supported beam would be missing. Consequently, in this case,
when a load is applied at mid-span in combination with a load at the cantilever, the
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obtained accumulated negative support moment from the beam and the cantilever
becomes unconservative. A simple way to compensate for this missing negative
moment can be achieved by reducing the distribution width at the cantilever; this way
the obtained averaged negative moment is scaled up. Using such an approach requires
further studies to obtain the magnitude of reduction of the distribution width at the
cantilever.

For analyzing the shear force, the biggest challenge was the local effect on the
equivalent width at positions close to the load (according to section 5.4.1.2). The
expression of distribution width could not reflect this local effect correctly. Hence a big
mismatch was shown in Figure 5.4 at envelope comparison. The largest difference
between the analytical expression the shell FE results occurred at positions close to the
supports. It was noticed that the expression matched well when the analyzed section
was at a relatively far distance from the load, so a limitation of the distance between
the studied section and the load was introduced. By using the extent of the punching
shear region, as defined by section 5.4.1.2 , as the “cutoff” distance, the accuracy of the
expression increased significantly.

6.4 Consideration for using the recommendations

When using the recommendations presented in this thesis, the user must keep in
mind that they are based on the 2D shell model FE analysis with a linear material
response, isotropic elements, and rigid supports for the slab. For calculation of the
moment, the analytical calculation model was an updated analytical calculation model
with a dummy load. For calculation of the shear force, the presented expressions are
limited to sections outside the punching shear region.

6.4.1 The updated analytical calculation model

In contrast to the earlier guidelines described in chapter two, the analytical
calculation model in this thesis is an updated model including both the span and the
cantilevers, and a dummy load to compensate for the restraint effect from the slab
cantilever. When using these recommendations, the designer needs to determine the
dummy load that is used to capture the negative moment at the support caused by the
constraint, when the load is located at the main span.

The expression for the dummy load determined in this thesis is case-specific for
slabs with constant thickness. However, the recommendations could still be used
without including the dummy load. In this case, the obtained average moment at the
main span becomes larger and conservative. Furthermore, the negative moment at the
support and the cantilever would be missing and, consequently, the designer needs to
determine the negative moment at the support through other guidelines.

6.4.2 Punching shear region as the “cutoff” region

As described at the end of section 5.5.2, the the expressions for distribution
widths are valid for sections at a distance of at least a “cutoff” region from the load.
The recommended “cutoff” region size of this thesis is based on model code 2010 [fib
model code 2010, (2013)]. If the designer uses a different “cutoff” region size according
to other guidelines that are more suitable for the specific case, it is important to keep in
mind that the smaller “cutoff” region, the more conservative result will be achieved.
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6.4.3 Influence of prestressing, support stiffness and element
orthotropy

In the study, the effect of prestressing was not included. Consequently, the
recommendations given should be used with some care for prestressed bridge decks.

This thesis is based on linear models with isotropic elements for the bridge
deck. Consequently, the influence of nonlinear response due to e.g. cracking, and the
orthotropy in the bridge slab this causes, is not taken into account.

Furthermore,, the supports were modeled as two rigid beams without
deformations in the longitudinal direction. However, in reality, the bridge deck would
follow the beams’ deformation, causing different stiffnesses at different positions in the
longitudinal direction due to the cracking of the concrete deck.

In the longitudinal direction, as the bridge deck follows the deformation of the
beams, at the mid-span of the bridge, the deck would be subjected to a positive moment
causing a compression force in the slab in the longitudinal direction. In this way, its
stiffness in the longitudinal direction becomes larger, and hence, the load is distributed
more in the longitudinal direction. As the load is relatively less distributed in the
transverse direction of the bridge, the distribution width for the transverse moment
becomes larger.

The opposite effect is obtained at the supports of the girders in a continuous
bridge. At this position, the deck is subjected to a negative moment which gives a tensile
force in the deck. In this way, its stiffness in the longitudinal direction becomes smaller
than that at the zero-moment position and a smaller part of the load is distributed in the
longitudinal direction. As the result, the distribution width for the transverse
reinforcement becomes smaller.

Regarding the influence of orthotropy, a more detailed discussion can be found
in [Lindel6f and Walhelm (2014)].

6.4.4 Optimal design

The recommendations in this thesis generally gave a bigger distribution width
than other guidelines for the moment in the transverse direction. This results in a
reduced amount of transverse reinforcement. However, the thesis only studied the
distribution width for sectional forces in the transverse direction. It is therefore not
shown that this necessarily means that a more economic design is achieved.

To achieve an optimal design, also the capacity in the longitudinal direction must
be checked. In most cases, for the type of bridges studied, it is more efficient to carry
the load on the slab mainly in the transverse direction, rather than the longitudinal
direction. A bigger distribution width that reduces the amount of reinforcement in the
transverse direction will then lead to a more effective design, even if it increases the
reinforcement in the longitudinal direction.

However, the recommendations in this thesis can be seen as providing a bigger
range of distribution widths for selection; also, smaller distribution widths can be
chosen. Consequently, to make sure the most optimal design is achieved, the
distribution of load in the two directions need to be iterated.
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7 Conclusions
7.1 Introduction

As the last chapter of this thesis, all the important conclusions are summarized
here. In the end, recommendations for further studies are given.

7.2 Conclusion remarks

This thesis studied the distribution width of a reinforced concrete bridge deck
in a single span with cantilevers that are subjected to a single concentrated load. By
comparing the obtained averaged sectional force of a 2D shell FE model with a 1D
beam analytical calculation model, expressions for distribution widths for moments
and shear forces were generated. These expressions are presented in sections 5.2.1,
5.2.2. Some of these expressions require that the analytical calculation are made with
a dummy load on the cantilever. The expressions for the dummy load is presented
in section 5.3.1.

Through a base model study, it was noticed that a negative moment at the
support and cantilever was caused by the load in the mid-span. This load effect
resulted in a mismatch of the zero-moment position between the shell FE model and
the analytical model. In order to solve this problem, a dummy load in the shape of a
distributed load on the cantilever was introduced into the updated analytical
calculation model. Equivalent widths for both moment and shear force was
determined as the ratio between the results from the analytical and shell FE models.

It was also realized that different averaging widths of the FE model gave a
marginal effect on the equivalent width, so the average width was chosen to zero in
the parametric study to obtain a conservative equivalent width. This resulted in
reduced amount of data handling since the torsional moment is always zero in the
transversal section of the applied load, i.e. when the averaging width is zero.

A fully parametric study for a number of base model variations was carried out
after the base model study, and equivalent widths were obtained and processed.
General expressions of distribution widths for both moment and shear force were
then determined from the processed equivalent widths through graphical curve
fitting.

To verify the expressions of distribution width for both moment and shear force,
an envelope comparison was carried out. It was observed that the determined
expressions of the distribution width is conservative and highly accurate when used
together with the updated analytical calculation model with the corresponding
dummy load,. The expression of the distribution width for shear force is over-
conservative and inaccurate at positions close to the supports. In order to tackle the
inaccuracy of the distribution width for shear force, a “cutoff” region was introduced
to exclude the local effects from the FE analysis and the region where punching
shear will be critical from the expression. This led to an expression that is valid
piecewise in specific intervals across the span.

The thesis also discusses how the recommendations in this thesis be utilized.
For the distribution width of shear force, a designer should note and understand that
the choice of the “cutoff” region can affect the accuracy of the results. If a designer
would choose a “cutoff” region according to another guideline it is important to
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realise that asmaller ““cutoff” will result in more conservative results, overestimating
the shear force.

For both moment and shear analysis, a bigger distribution width is
recommended by this thesis, compared to other guidelines. However, also the
capacity in the perpendicular (longitudinal) direction needs to be checked. The best
approach is to iterate the design for multiple distribution widths for internal forces
in these two directions, so that the most optimal design can be achieved.

7.3 Recommendations for future studies

Two types of research studies can be suggested as a direct continuation of this
thesis. The first is the investigation and development of a general expression for the
dummy load that is valid for more variations of the geometry. In particular, it would be
of interest to include also slabs with variable thickness.

The second is to develop a more accurate expression for distribution width for
the shear force, valid also for the sections closer to the load position.

Research studies with different basic assumptions can also be interesting. For
instance, it would be of interest to determine expressions for distribution width based
on non-linear FE modeling. Furthermore, it would be interesting to study the influence
on the distribution width from non-rigid supports and orthotropic element response,
taking the changed stiffness due to cracking in different directions into account. Besides
this, the distribution width for multiple spans bridge decks, prestressed concrete bridge
slabs, and support from multiple girders would also be of high interest.
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9 APPENDIX A: Convergence study

Mesh convergence analysis
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10 APPENDIX B: Base model analysis Results
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Longitudinal sections when Load at 0.2m
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Longitudinal sections when Load at 0.4m
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Longitudinal sections when Load at 0.6m
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Longitudinal sections when Load at 0.8m
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Longitudinal sections when Load at 1m
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Longitudinal sections when Load at 1.2m
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Longitudinal sections when Load at 1.4m
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Longitudinal sections when Load at 1.6m
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Longitudinal sections when Load at 1.8m
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Longitudinal sections when Load at 2m
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Longitudinal sections when Load at 2.2m
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Longitudinal sections when Load at 2.4m
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Longitudinal sections when Load at 2.8m
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Longitudinal sections when Load at 3m
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Longitudinal sections when Load at 3.2m
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Longitudinal sections when Load at 3.4m
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Longitudinal sections when Load at 3.6m
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Longitudinal sections when Load at 3.8m
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Longitudinal sections when Load at 4m
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Longitudinal sections when Load at 4.2m
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Longitudinal sections when Load at 4.4m
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