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Abstract
Bridge edge beam system is an increasing concern in Sweden. Because it is the most

visible part of the structure which is subjected to harsh weather. The edge beam

contributes to the stiffness of overhang slab and helps to distribute the concentrated

load. The design of edge beam is not only affected by the structural members, but it is

also affected by non-structural members.

The  aim of  the  thesis  is  to  investigate  the  influence  of  edge  beam on  the  structural

behavior of reinforced concrete overhang slab. A three-dimensional (3D) non-linear

finite element model is developed by using the commercial software ABAQUS version

6.1.14. The load displacement curves and failure modes were observed. The bending

moment and shear capacity of the cantilever slab is studied.

The validated model from non-linear analysis of reinforced concrete slab gives more

stiffer  result  and  leads  to  the  high  value  of  load  capacity  when  comparing  with  the

experimental test. The presence of the edge beam in the overhang slab of length 2.4 m

slightly increases the load capacity and shows ductile behavior due to the self-weight

of the edge beam. The non-linear FE-analysis of overhang slab of length 10 m leads to

much higher load capacity and gives stiffer response as compare to the overhang slab

of  2.4  m.  The  presence  of  the  edge  beam in  the  overhang  slab  of  length  10  m gives

higher load capacity and shows stiffer  response when comparing with the overhang

slab  of  length  10  m.  This  might  be  due  to  the  self-weight  of  the  edge  beam and the

overhang slab is restrained at the right side of the slab.

Keywords

Bridge edge beam system, edge beam, overhang slab, structural analysis, non-linear

finite element modelling, shear force, bending moment, distribution width, failure

mode.
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Sammanfattning
Problemet  med  broarnas  kantbalkar  ökar  i  Sverige.  Detta  för  att  de  är  den  yttersta

delen av konstruktionen och härigenom utsatt för svår väderlek. Kantbalken bidrar till

styvheten hos plattans konsol och hjälper till att fördela koncentrerade laster.

Utformningen av kantbalken påverkas inte bara av strukturella orsaker utan också av

icke-strukturella orsaker.

Syftet med avhandlingen är att undersöka kantbalkens inverkan på den armerade

betongplattans konsol. En tredimensionell icke-linjär finit elementmodell har

utvecklats med hjälp av mjukvaran ABAQUS, version 6.1.14. Lastförskjutningskurvor

och brottlinjer studerades. Konsolplattans böjmoment och tvärkraftskapacitet

studerades också.

Den verifierade modellen från icke-linjär analys av armerade betongplattor ger ett

styvare resultat och leder till högre värden på lastkapaciteten, när man jämför med det

experimentella  försöket.  Närvaron  av  kantbalken  med  längden  2,4  m  ökar

lastkapaciteten  en  aning  och  ger  ett  duktilt  beteende  på  grund  av  kantbalkens

egentyngd. Den icke-linjära finita elementanalysen av konsolen på 10 m resulterar i en

mycket högre lastkapacitet och ger ett styvare gensvar jämför med konsolen på 2,4 m.

Närvaron av kantbalken för konsolen på 10 m ger högre lastkapacitet och ger en styvare

respons jämfört med konsolen på 10 m utan kantbalk. Detta kan bero på kantbalkens

egentyngd och att konsolen är utsatt för tvång på dess högra sida.
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1 INTRODUCTION

1.1 Background

Bridge decks are constantly subjected to traffic loads and are exposed to environmental

actions. Consequently, they deteriorate faster than the other parts of the bridge. From

past studies (the accidents that  took place in 2013 in Tranarp bridges),  bridge edge

beam system (BEBS) has important apprehension in Sweden.

The Bridge Edge Beam System is out of a safety concern one of the most important part

of the bridge. It has been proven by George Racutanu that the BEBS is among the parts

of the bridge that are in most need of repair and replacement work Racutanu (2001).

The BEBS is located in the most external part of the bridge and its main parts are the

edge beam and railing (Figure 1).

Figure 1: Railing and edge beam

BEBS are more vulnerable as compare to the other bridge details. The reason behind

is it  is  the most visible structural  part  of  the bridge which is  susceptible to weather,

water, salt, vehicle influence, frost Racutanu (2001), concluded that one-third of the

bridge  damage  of  Swedish  bridges  is  interconnected  to  the  BEBS  (Figure  2).  A

deteriorated edge beam decreases the functionality of the railing.
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Figure 2: Percentage distribution of damage remarks on from 353 bridges in various

parts of Sweden Racutanu (2001).

The economy is very important for the wellbeing of a good infrastructure. Nowadays,

companies  are  paying  more  courtesy  to  the  cost  efficiency.  Sweden  has  the  large

network of bridges major of which consists of concrete with integrated edge beam. The

Swedish  Administration  Transportation  system (BaTMan)  documented  that  60% of

the total life cycle measure costs (LCM) of a bridge is related to the BEBS. Self-weight,

load from the over lay and traffic loads needs to be take in to account for the design of

edge beam. The heavy deterioration of the BEBS eventually results in a replacement;

Such  LCM  takes  long  time  because  of  the  new  concrete  cast  and,  hence,  causes

considerable user costs. Consequently, two approaches were adopted to find innovative

solutions  either  having  long  life  span  or  easier  and  faster  replacement.  To  obtain  a

solution  for  lower  Life  cycle  cost  (LCC)  it  is  important  to  investigate  and  compare

different alternatives.

In 2012,  due to the large amount of  damaged edge beams in Sweden “Trafikverket”

(the Swedish Transport Administration) created a group consists of bridge experts

from the industry and the research division of the KTH Royal Institute of Technology.

For this reason, a project called “Optimala Kantbalkssystem” (Optimal Bridge Edge

Beam Systems”) was created.

 In “Optimala Kantbalkssystem” (Petterson & & Sundquist,H., 2014) presented 22

alternatives for BEBS and divided into four groups i.e. Concrete integrated, Without
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edge beam, Steel edge beam and Prefabricated concrete edge beam. To economically

evaluate  if  these  design  solutions  that  could  be  more  optimal  in  comparison  to  the

existing solution for the society a Life Cycle Cost Analysis (LCCA) was performed. The

condition  class  of  the  bridge  is  important  to  have  a  better  performance  with  the

functional  requirements.  The  importance  of  the  edge  beam  is  highlighted  by  the

accidents  that  took  place  in  2013  Tranarp  Bridge  (Figure  3).  The  rationale  of  this

accident was the foggy environment and slippery road. This accident could become

more sever if the vehicle fell of the bridge which was avoided due to edge beam.

Figure 3: Accidents in Tranarp Bridges (Veganzones Muñoz, 2016).

The edge beam contributes to the stiffness of  the bridge overhang slab and helps to

distribute the concentrated load.  Trafikverket  does not consider the edge beam as a

load bearing member. The reason is the traffic must be allowed during the replacement

of  the  BEBS.  During  executions,  BEBS  are  subjected  to  unfavorable  conditions.  To

prevent unfavorable working conditions in the bridge construction, a solution without

edge beam was proposed to fulfill the functional requirement. A solution without edge

beam might require the deck slab must be thicker as compare to solution with edge

beam. This alternative also needed railing attached from the side which is not allowed

by Trafikverket in Sweden.

The  crack  width  limitations  for  the  edge  beams  should  be  checked,  especially  for

intermediate  supports  in  continuous  beam.  The  design  of  edge  beam  is  not  only

affected  by  structural  members,  but  it  is  also  affected  by  non-structural  members.

Since edge beam is the most exposed part of the bridge aesthetical features must be

taken in to account.
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1.2 Aim, objectives and scope
The  aim  of  the  thesis  is  to  study  the  influence  of  an  edge  beam  on  the  structural

behavior of the reinforced concrete overhang slabs. To do that the objectives have been

the following:

· To study different assessment methods for overhang slab without and with the

edge beam.

· To simulate experimental test that gives satisfactory results to validate model

with the non-linear FE-analysis

· To study the calibration of validated model with the following parameters:

o Concrete compressive stress

o Fracture energy

o Boundary condition

o Displacement

· To analyze the multi-level strategy of structural analysis that includes hand

calculation, linear elastic FE-analysis and non-linear FE-analysis.

· To investigate the influence of length of the edge beam (overhang) on the

structural behavior of reinforced concrete overhang slab.

This thesis focuses on the road bridges with overhangs, usually slab-on girder bridges

or cross-sectional box beam bridges (Figure 4).

a) Slab on girder                                                                   b) Box girder bridge

Figure 4: Slab on girder and box girder bridge
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1.3 Methodology
To achieve the above-mentioned objectives, the methodology included literature study

and structural analysis.

The  literature  study  consists  of  three  parts.  The  first  part  is  related  to  the  general

information about the existing bridge edge beam system and problems related to the

durability of the BEBS and the second part is the review of experimental test (VK4V1)

of reinforced concrete slab (Rombach & S.Latte, 2009) and the third part is related to

study the structural analysis of the reinforced concrete slab.

The structural analysis consists of three steps, namely: simplified calculations, linear

elastic FE-analysis (shell elements) and non-linear FE-analysis (continuum elements)

as presented in (Figure 5). To study in detail the structural behavior of the bridge deck

overhang slab, a non-linear 3D-model was created. The validated model calibrated for

different parameters such as fracture energy, concrete compressive stress, boundary

condition and displacement.

Later, an edge beam is added in the validated model to study its influence on structural

behavior of reinforced concrete overhang slab. Different alternatives designed were

studied. The results obtained from the different steps of structural analysis were

resembled with the experimental test of reinforced concrete overhang slab.

ABAQUS/CAE (Complete Abaqus Environment), ABAQUS/Standard and

ABAQUS/Explicit Version 6.1.14 are the commercial software used for the FE-analyses

(Abaqus 6.14). ABAQUS/CAE is an interactive graphical interface for Abaqus and it is

used to generate the input file and used to evaluate and interpret the results.

ABAQUS/Standard is used to perform the elastic-linear analyses and

ABAQUS/Explicit is a special- purpose analysis that uses an explicit dynamic finite

element formulation and is highly useful for modelling impact and blast problems and

is also very efficient for highly nonlinear problems both generating the output files.

ABAQUS/Standard and ABAQUS/Explicit both generate the output files.
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a) Linear elastic FE-model                                b) Non-linear FE-model

Figure 5: Linear elastic FE-model (shell elements) and non-linear FE-model

(continuum elements).

1.4  Assumptions and limitations

The limitations of this thesis are as follows:

· This master thesis is conducted during one semester and is thus limited to only

the study of case VK4V1 reinforced concrete overhang slab of the experimental

test.

· The reinforced concrete overhang slab in non-linear FE-analysis represents half

of the experimental test.

The assumptions that considered for this thesis are as follows:

· A possible influence from the edge beam design on other bridge elements was

not taken in to account.

· Bond slip between concrete and reinforcement was not considered. Since the

experimental test did not consider the anchorage failure therefore this issue was

not verified.

· In linear elastic FE-analysis the reinforced concrete overhang slab is clamped at

the root.
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1.5 Outline of the thesis
This report is the documentation conducted as a part of the master thesis performed

by the author. The report is divided into seven chapters.

Chapter 1: Introduction

This  chapter  deals  with  the  background  of  bridge  edge  beam  system.  The  aim,

objective,  scope,  methodology,  assumptions  and  limitations  of  this  thesis  are  also

presented in this chapter.

Chapter 2: Bridge edge beam

Chapter  2 includes definition, and functions of BEBS. A classification is presented

according to various sources. Durability as means of different types of deterioration is

illustrated. The common counter measures for problems of BEBS are also discussed in

this chapter.

Chapter 3:  Study of Vk4V1 overhang slab of experimental test

This  chapter  elaborates  the  detailed  study  of  the  experimental  test  such  as

reinforcement detailed and mechanical properties of the material i.e. concrete and

steel.

Chapter 4: Finite element modelling

This chapter deals with the background of FE- modelling and FE-modelling procedure.

The modelling of the experimental test is also presented in this chapter.

Chapter 5: Structural analysis

This chapter deals with the structural analysis that is followed to study the reinforced

concrete  overhang  slab.  This  chapter  is  divided  in  to  three  different  steps,  i.e.

Simplified analysis method, linear FE-analysis and 3D non-linear FE-analysis.

Chapter 6: Results and discussion

This chapter deals with results obtained with the simplified analysis method and linear

FE-analysis of reinforced concrete slab and also, the validation of model through non-

linear analysis and comparison to the experimental test.
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Chapter 7-Conclusion and further research

This chapter deals with the main conclusion of this thesis and suggestions for further

research
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2 BRIDGE EDGE BEAM

2.1 Definition of edge beam

The bridge edge beam is the most external part of the bridge and its main parts are

edge beam and the parapet. The design of edge beam can either be an integrated or

non-integrated part of the bridge deck. The edge beam is a bridge structural member

whose main functions are to provide an adequate attachment to the railing, support

the overlay (pavement), contribute to the drainage system, distribute concentrated

loads and be aesthetically pleasant.

The BEBS is a group of structural and non-structural bridge members and its primary

and secondary components are as follows and presented in (Figure 6).

Primary components

· Edge beam

· Railing system

· Drainage system

Secondary component

· Lightening poles

· Cable, hanger and post tensioning anchorages

· Protection from salted water

· Sound barrier

· Fencing system and curb system

Figure 6: A typical bridge edge beam system (Veganzones Muñoz, 2016).
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2.2 Classification of edge beam

There are several diverse types of BEBS to solve the different issues (Fasheyi, 2013)

divided different types of bridge edge beam into three groups, which are as follows.

According to the drainage criteria of edge beam

· Elevated edge beam

· Non-elevated edge beam

· Low edge beam

According to the design of edge beam

· Integrated edge beam

· Non-integrated edge beam

According to type of railing

· Steel railing

o Post attached by bolts and nuts

o Post cast into a recess

· Concrete barrier

o Integrated

o Non-Integrated

· Mixed steel-concrete

Trafikverket’s bridge and tunnel management system (BaTMan) classify the edge beam

according to the level of overlay, as illustrated in (Figure 7).

a) Elevated edge beam     b) Non-elevated edge beam    c) Low edge beam

Figure 7: Different types of edge beam according to BaTMaN   (Veganzones Muñoz, 2016)
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2.3 Functions of edge beam

According  to  (Veganzones  Muñoz,  2016)  following  are  functional  requirements  that

must be fulfilled.

a) According to the edge beam

· Provide an adequate railing attachment

· Channeling of runoff water

· Be aesthetically pleasant

· Provide support for the overlay

· Distribute concentrated loads

b) According to the railing

· Visual guiding of traffic

· Traffic protection i.e. Keep vehicles from not falling of the bridge.

c) According to the drainage system

· Dewater the bridge deck slab

· Existence of drainpipes

· Self-cleaning of water

· Traffic protection i.e Keep vehicles from not falling of the bridge.

2.4 Durability

As it is described previously, the bridge edge beam is a most visible part of the bridge

that  requires  a  lot  of  maintenance  work  during  the  service  life  of  the  bridge.  The

concrete edge beam is the standard solution in Sweden (the edge beam is cast in situ

with  the  concrete  deck  slab).  (Trafikverkett,  2011a)  suggested  the  minimum

dimensions  for  the  edge  beam  is  400x400mm2.  Due  to  space  requirement  for

reinforcement a larger dimension may be needed in reality, usually 450x450mm2.The

Swedish codes used for the bridge technical regulations called Bro 11 and divided into

two parts that are, requirements (Krav) (Trafikverkett, 2011a) and recommendations

(Råd) (Trafikverket, 2011b). According to Bro 11 the recommendation related to edge
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beam can be found in sections (D.1.2.6, D.1.2.7.3, D.1.4.1.6, D.1.4.2). For the railing the

recommendation  can  be  found  in  section  (D.1.4.2).  The  Bro  11  is  not  applicable

anymore and it is replaced by Swedish code (TK 2016) but the general rules are similar.

2.4.1 Deterioration initiated during the construction
phase

The processes by which deterioration occurs  in  the  BEBS  during  the  construction

phase of concrete cast in new bridge or the replacement of edge beam are as follows

(Veganzones Muñoz, 2016).

 a) Plastic shrinkage cracks.

b) Thermal contraction cracks. The formation of concrete cracks during the cooling of

concrete when replacing the edge beams was studied in (Samuelsson K. , 2005)

c) Bad execution of construction works.

2.4.2 Deterioration during the service life

The following mechanisms bring about the deterioration of the bridge edge beam

system during the service life:

a) Steel corrosion, caused by

• Chloride attack

• Sulfate attack

• Carbonation in the concrete

b) Concrete cracking and, subsequently, spalling, caused by loading

• Freeze-thaw

• Corrosion in the steel

• Vegetation growth

c) Failure, caused by

• Vehicle collision

• Collapse of the bridge
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2.4.3 Common counter measures for problems

There are three features to avoid problems with edge beams or at least minimize the

negative effects that have influence on edge beam. The first two are associated with the

design requirements. Firstly, the geometry of edge beam is designed in such a way that

prevents faster deterioration. Secondly, use of the materials in edge beams are also

designed  in  such  a  way  that  handle  with  severing  conditions.  Thirdly,  some

maintenance actions are carried out with a certain regularity to keep BEBS’s element

from degrading. Concrete admixtures (waterproof), reinforcement of stainless steel

and  cathodic  protection  of  reinforcement  are  the  recommendations  in  addition  to

geometric design.

The use of air entraining concrete admixtures prevents the damage in the concrete due

to freeze thaw attacks. These admixtures give space for air bubbles to accommodate

the expansion of freezing water (Stuart & D.Matthew, 2013).

The stainless steel reduces the speed of corrosion the advantages of using stainless steel

is that about 90% of concrete can be recycled by reducing the concrete cover to 30mm.

The  other  advantage  is  stainless  edge  beam  does  not  require  maintenance.  The

disadvantage with the stainless steel is the material price is 4 to 6 times higher than

the normal carbon steel.

Cathodic protection is a way of protecting reinforcement by connecting a more active

metal  such as magnesium with steel.  This  makes the more active metal  to act  as an

anode  of  a  voltaic  cell  and  less  active  metal  to  act  as  a  cathode.  In  simple  words,

magnesium will sacrifice itself to protect in this case the more important metal. The

metals  are  usually  connected  with  a  wire,  which  enables  the  flow  of  current  (Nave,

2014). Maintenance can be divided into preventive and corrective maintenance.

Preventative measures are usually cyclical activities performed on a pre-determined

interval and aimed to preserve the condition of the existing bridge elements (Federal

Highway Administration, 2011). Corrective maintenance is defined as repair and

rehabilitation for improving or extending the life of a component such that the entire

bridge life is not reduced (Chen, Wai-Fah, & Duan,Lian, 2014).
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According to (Kelindeman, 2014) the most common preventive maintenance actions

are the following:

· Bridge cleaning or washing (including edge beam)

· Impregnation

· Clearing the drainage system from congestions

· Crack sealing

Thus, the corrective maintenance actions are divided in:

· Repairs

· Replacement
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3 ROMBACH & LATTE EXPERIEMNT
Rombach  &  Latte  conducted  12  large-scale  tests  on  four  different  specimens

representing a bridge deck (Rombach & S.Latte, 2009). The influence of thick slab and

stirrups were studied. All the experiments without stirrups were observed for shear

failure and the bending reinforcement did not yield.

The specimen VK4 is of reinforced concrete bridge deck slab 2400 mm in width and

6580 mm in length. The specimen consists of three parts. The test specimen consists

of  two  cantilever  slabs  and  one  central  slab  supported  on  two  web  beams.  The

cantilever slab has a span of 1.65 m. The cantilever slabs are named as V1 and V2 and

the  central  slab  named  as  V3.  The  cantilever  slab  V1  did  not  contain  any  shear

reinforcement while the cantilever slab V2 contains shear reinforcement, (Figure 8).

Figure 8: Dimensions and reinforcement layout of the test specimen VK1 to VK4 (Rombach &

S.Latte, 2009)

In this thesis, the case study of experiment VK4V1 is studied. The test specimen VK1

consists of reinforced concrete deck slab with half of the slab i.e 3290 mm span, with

concrete cover of 25mm. The slab was also loaded by a concentrated load FQ on a square

plate 400x400x100 mm until failure (Figure 9).
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Figure 9: Dimensions and reinforcement layout for experimental test VK4V1.

The  longitudinal  and  transversal  reinforcement  consists  of  two  layers  (top  and

bottom). The top longitudinal reinforcement consists of Ø 16 mm every 100 mm. The

bottom longitudinal, bottom transversal and top transversal consists of Ø 12 mm every

100  mm.  The  overhang  slab  has  a  constant  thickness  of  200  mm.  The  column

reinforcement consists of 9 Ø 12 m with the stirrups Ø10 mm every 100 mm. A normal

concrete class of C30/37 with a maximum aggregate size = 16	mm was used. The

mechanical properties of the concrete and the reinforcement in the experimental test

are presented in Table 1 and Table 2 respectively.
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Table 1: Concrete mechanical properties in the experiment VK4V1.
Parameter Symbol Value Unit

Density ρ 2450 kg
m

Poisson ratio 0.2 -

Compressive strength 42.5 MPa

Tensile strength 3.23 MPa

Young’s modulus 32.5 GPa

Dilation angle φ 36 -

Flow potential eccentricity e 0.1 -

Ratio biaxial-uniaxial compression 1.16 -

Second tensile-compressive stress invariant ratio K 0.667 -

Viscosity parameter μ 0 -

Table 2: Reinforcement mechanical properties in the experiment VK4V1.

Bar Ø Parameter Symbol Value Unit

All
Density ρ 7800 kg

m
Poisson ratio 0.3 -

16 mm

Young’s modulus 195 GPa

Yield strength 554 MPa

Tensile strength 646 MPa

Deformation under maximum load 11.61 %

12 mm

Young’s modulus 195 GPa

Yield strength 550 MPa

Tensile strength 607 MPa

Deformation under maximum load 5.09 %

10 mm

Young’s modulus 194 GPa

Yield strength 540 MPa

Tensile strength 598 MPa

Deformation under maximum load 4.07 %
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4 FINITE ELEMENT MODELLING

4.1 Background

The Finite Element Method (FEM) is a numerical method which can be used to solve

effectively all  physical  problems.  This is  an approximate solution to boundary value

problems for Partial Differential Equation (PDE). FEM divide a domain into simpler

parts (elements). Nowadays structural engineers use to great extent linear elastic finite

element analysis for structural analysis of bridges. The advantage with FEM is that it

allows systematical and accurate calculations on all types of structures.

When performing modeling and analysis with the FEM it is essential to understand the

underlying  theory,  (Blaauwendraad,  2010).  This  chapter  is  intended  to  give  an

overview  of  this  area  and  to  describe  the  FEM  modeling  process.  According  to

(Dimosthenis & Olafur, 2013) the finite element method that needs to be working in a

precise investigation depends on several factors, namely:

· The scale of the structure (single member or entire structure)

· The complexity of the problem (1D, 2D or 3D)

· The outputs sought for (features on the global or local scale)

· The level of accuracy

· The limitations of the model (material or geometric non-linarites,

computational tools available)

When  a  finite  element  analysis  is  to  be  performed,  the  main  problem  is  balance

between the accuracy and the computational cost. A detailed modelled for the relatively

large structure would be probably computationally more expensive. On the other hand,

in the examination of structural members or simple geometries, the development of a

refined model that is able to describe more complex phenomena is, often, feasible and

essential.  Such  complex  phenomena  may  include  various  3  kinds  of  non-linarites,

arising either from the material behavior or the specimen’s geometry, as well as local

scale effects.
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4.1.1 3D modelling

Slabs are usually modelled with 3D shell element. The 3D Finite Element analysis gives

a more detailed and geometrically more correct distribution of forces and moment in

comparison to the traditional 2D frame analysis, Davidson (2003). The advantages of

using 3D elements that they can detect failure modes which are not available with other

type of element for example anchorage failure in support region. In 3D reinforcement,

can be modelled in several ways. However, to be able to benefit from the advantages of

the third dimension, an accurate analysis is required. The analysis demands knowledge

and the results need to be properly evaluated.

 4.1.2 FE-modelling procedure

The  FEM  modelling  procedure  is  divided  into  six  steps.  The  following  steps  of

procedure  is  mainly  focused  on  (Samuelsson  &  Wiberg,  N,  1998)  and  presented  in

(Figure 10).

Figure 10: Different steps for FEM modelling procedure (Samuelsson & Wiberg, N, 1998)
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4.1.2.1 Step 1 (Idealization)
The first step of FE analysis the simplification of real structure. This can be done by

modelling  the  structure  which  includes  geometry,  material,  boundary  conditions,

interactions and loads. In modelling the boundary conditions at supports are defined

as 100% fixed or not fixed. However, in real structures this is somewhere in between.

For  linear  elastic  analysis  shell  elements  and  for  non-linear  analysis  continuum

elements were used.

· Shell elements

Two theories that are often used for analyzing linear plates are the Kirchoff and the

Mindlin theories. The Kirchoff plate theory accounts for thin plate and a line that is

straight and normal to the mid surface before loading will remain straight and normal

to the deformed shape after loading. The Mindlin plate theory accounts for thick plates

and the line that is straight and normal before loading will remain straight and will not

be normal anymore after loading. The Mindlin plate theory accounts for thick plates so

the top and bottom surfaces not equally deformed. The consequence of this theory is it

explicitly accounts shear stresses and shear deformation which is consistent with 3D-

solution. (Figure 11).

Figure 11: Difference between Mindlin and Kirchoff plate theory (Pacoste, 2017)

· Continuum elements

Continuum elements discretize an entire three-dimensional body. The thickness is

determined from the element nodal geometry. Continuum shell elements have only

displacement  degrees  of  freedom.  From  a  modelling  point  of  view  continuum  shell
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elements  look  like  three-dimensional  continuum  solids,  but  their  kinematic  and

constitutive behavior is similar to conventional shell elements.

4.1.2.2 Step 2 (Discretization)
In the second step of analysis the model is divided into finite elements. The results may

depend on the element size, type, shape and how the load is applied (concentrated or

uniformly distributed).

· Shell elements

There are two types of elements one is 4 nodded or bilinear elements and the other is

8-noded or higher order elements. Higher order elements give more accurate result

then bilinear elements since they can be bend parabolic ally and thus do not suffer with

the problem called parasitic shear. However, the bilinear elements bend linearly and

create shear force which does not exists and thus not suitable for bending dominated

problem. The result also depends on mesh size, a less distorted and denser mesh

element will also lead to more accurate result.

· Continuum elements

It is important that the continuum shells are oriented properly, since the behavior in

the thickness direction is different from that in the in-plane directions. By default, the

element top and bottom faces and, hence, the element normal, stacking direction, and

thickness direction are defined by the nodal connectivity. For the triangular in-plane

continuum shell element (SC6R) the face with corner nodes 1, 2, and 3 is the bottom

face; and the face with corner nodes 4, 5, and 6 is the top face. For the quadrilateral

continuum shell element (SC8R) the face with corner nodes 1, 2, 3, and 4 is the bottom

face; and the face with corner nodes 5, 6, 7, and 8 is the top face. The stacking direction

and thickness direction are both defined to be the direction from the bottom face to the

top face (Abaqus 6.14). The default normal and thickness direction for continuum shell

elements are illustrated in (Figure 12).
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Figure 12: Default normal and thickness direction for continuum shell elements (Abaqus

6.14).

4.1.2.3 Step 3 (Element analysis)
Element approximation and element stiffness is calculated in this step. The internal

element stiffness in the element analysis is approximated with a base function. In FE -

analysis, a numerical integration is used to get an accurate integration over the chosen

integration points in the elements. This integration is an approximation even if

sufficient amount of integration points is used, since integration of rational functions

do not give exact solutions, (Rombach G. , 2004)

4.1.2.4 Step 4 (Structural analysis)
The calculation of stiffness matrix is carried out in the fourth step. The calculation is

done by pairing the geometry and equilibrium conditions. The equation system can be

solved for the whole structure. An error may occur in this step because the computer

can use only certain significant errors (Adnan & & Kristoffer Ekfeldt, 2012).

4.1.2.5 Step 5 (Post Processing)
In this step, the calculations of stress components in all the elements are performed.

The  stress  is  calculated  in  the  integration  points.  These  points  are  generally  not

situated in the elements nodes but are situated a distance into the element with for

example Gauss integration.

The values in the integration points are the most exact results from the FE analysis.
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Nevertheless, the results are often showed in the element nodes. The integration point

results are extrapolated to the nodes with the element base functions.

Every node is in general connected to more than one element. Due to this, the node

result is calculated as a mean value from the single elements contributions. In other

words, all elements connected to the same node influence the node value. Hence, the

results  from  the  post  processing  as  mentioned  above  are  not  exact  and  contains

rounding.

4.1.2.6 Step 6 (Result handling)
In the sixth step, the results from the FE-analysis must be further analyzed. This leads

to  large  uncertainties  due  to  considerations  of  the  structure`s  real  behavior.  The

analysis is dependent on choices made in the first step. Due to the increased complexity

with 3D shell analysis, it is very hard and sometimes practically impossible to analyze

all  output  data.  The  use  of  reviewing  all  the  output  from  the  analysis  can  also  be

questioned. Instead a combination of words, numbers and iso colour plots gives a good

description of the results (Davidson, 2003).

 4.1.3 FE modelling of Slab

To study the structural behavior numerical simulation software ABAQUS 6.14 has been

used. To account the influence of edge beam on the structural behavior of the slabs a

nonlinear 3D FE-model with continuum elements was created. In this sub chapter, the

modelling considerations are presented which includes geometry, material properties,

loading, boundary conditions and interactions.

4.1.3.1 Geometry
The geometry of the model follows the experimental test (Rombach & S.Latte, 2009)

is illustrated in (Figure 8). The top longitudinal reinforcement consists of Ø16 mm bars

every 100 mm. The bottom longitudinal and top and bottom transversal reinforcement

consists of reinforcement consists of Ø12 mm bars every 100 mm. The length of the

cantilever is 2.4 m and 10 m and the width is 3.29 m. The thickness of the overhang

slab is 200 mm. The edge beam considered was 400*400 mm2 and was added at the

free edge of the free slab without edge beam (Figure 13). The top the middle and the
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bottom  longitudinal  reinforcement  in  the  edge  beam  consists  of  Ø16  mm.  The

transversal reinforcement consists of Ø10 mm every 300 mm.

Figure 13: Overhang slab without and with edge beam including the reinforcement.

4.1.3.2 Material properties
The mechanical properties of the materials based on the experimental test are

presented in Table 1 and Table 2. The material properties are defined for concrete and

steel.  Since  it  is  a  non-linear  analysis  the  material  model  chosen  for  concrete  was

“Concrete damage plasticity (CPD),” which was proposed by (Lubliner, Oliver, Oller, &

&Onate, 1989) and modified by (Lee & & Fenves, 1998).

 The  CDP  has  been  used  to  define  the  behavior  of  concrete  as  it  can  describe  both

tensile and compressive behavior of concrete. Concrete has different uniaxial behaviors

in tension and compression, even at the static condition; there is still a great level of

uncertainty associated with material modelling of the uniaxial behaviors of concrete.

CDP  model  in  ABAQUS  provides  the  ability  to  model  the  behavior  of  reinforced

concrete  elements  subjected  to  both  static  and  dynamic  loads.  The  model  uses  the

concepts of isotropic damaged elasticity in combination with isotropic tensile and

compressive  plasticity  to  represent  the  in  elastic  behavior  of  concrete  i.e  tensile

cracking a compressive crushing.

There are generally two types of theories to be applied for material modelling: models

based on crack theory and models based plastic theory. The crack theory is related to

smeared cracking (one element is considered to describe both the elastic behavior of

untracked concrete but also the behavior of the crack) and discrete cracking (there will
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be visible cracks in the mode and the crack width can for instance can be calculated by

the distance between nodes on opposite side of the crack plane). The CPD is based on

the plastic theory. For steel, a material model that can be used is “Plastic which allows

for plastic isotopic hardening after yielding.

The tensile behavior was defined according to the model presented by, (Cornelissen,

Hordijk,D., & Reinhardt,H., 1986), which is considered the most accurate for tensile

cracking (Karihaloo, 2003). Concerning the compressive behavior, the guidance of the

(Eurocode  2  CEN,2005)adapted  to  the  biaxial  compression  curves  presented  in  the

experimental test was used.

4.1.3.3 Uniaxial behavior in compression
The  compressive  behavior  that  is  defined  as  the  highest  value  of  the  nominal

compressive stress that a test specimen is subjected to during a uniaxial compressive

load tests but in this thesis, experimental values have been used. The response of the

concrete is highly nonlinear during uniaxial compressive loading. The stress strain

curve of a normal concrete is usually considered approximately 40% of compressive

strength as shown in (Figure 14). In this work, the strain in compression is calculated

according to Equations 1 & 2.

= 0.0014[2− exp(−0.024 )− exp(−0.140 )] (1)

= 0.004− 0.0011[1− exp(−0.0215 )] (2)

And secant modulus is calculated according to Equation 3.

= 22(0.1 ) . (3)

Where,

= mean	compressive	stress	(MPa)

The uniaxial compressive stress  is calculated according to the (EN1992-1-1) which

is represented by the Equation 4.

=
( )

 (kη- ) (4)

Where,
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= 1.05 (5)

And

= (6)

Figure 14: Stress-strain diagram for analysis of structure (Kmiecik & & Kaminski,M, 2011)

4.1.3.4 Uniaxial behavior in tension
The concrete is assumed as a linear elastic model before cracking and the behavior of

the concrete is not dependent on element size. However, in tension softening model

the concrete is very dependent on element size. There are various type of post-peak

tension softening behavior, the most accurate is the exponential function

experimentally derived by (Cornelissen, Hordijk,D., & Reinhardt,H., 1986)and is

presented in (Figure 15). Equations 7 & 8 defines the exponential function derived by

(Cornelissen, Hordijk,D., & Reinhardt,H., 1986).

= ( ) − ( ) (7)

Where ( ) is a displacement function given by

( ) = 1 + exp	 − (8)

Where,
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= crack	openiing	displacement.

= crack	opning	displacement	at	which	stress	no	longer	be	transferred.

= 5.14 	for	normal	weight	concrete.

= fracture	energy	of	concrete	

= material	constant	and	c = 3.0	for	normal	density	concrete.

= material	constant	and	c = 6.93	for	normal	density	concret .

 a) Bilinear function        b) Exponential function

Figure 15: Bilinear and exponential tension softening model (Rombach & S.Latte, 2009)

The fracture energy is defined as the energy required to propagate a tensile crack of

unit area. The fracture energy is calculated according to the guidance of model code for

concrete  structures  1990,  2010.  The  estimation  of  according to (MC-2010)for

normal weight concrete can be estimated using Equation 9.

= 73 . (9)

Where

 is the mean compressive strength in MPa.

The estimation of  according to (MC-1990) includes the influence of aggregate size

and it is presented by Equation 10.

=
.

(10)

Where
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= 10 .

= Depends on the maximum size of aggregate,	  and is given in Table 3.

=Maximum size of aggregate.

Table 3: Base value of fracture energy depending on maximum aggregate size
(mm)  (N/m)
8 25

16 30

32 58

4.1.3.5 Loading, boundary conditions and
constraints
The load structure built of beam, loading plate and overhang reinforced concrete slab.

The  loading  due  to  self-weight  of  the  structure  has  been  included.  A  prescribed

displacement  control  was  assigned  to  a  node  on  the  top  of  the  loading  plate  to

appreciate vertical fluctuations of the total force applied. The reaction force was

calculated subsequently. First, all the rigid body motions were restrained at the bottom

of  the  beam  and  the  right  side  of  the  slab  (Figure  16)  and  secondly,  the  vertical

boundary condition was not avoided at  the right side of  the slab in (Figure 16).  The

detailed study will be carried out for the realistic boundary conditions.

Figure 16: Rigid boundary conditions at the bottom of beam and right side of the slab.
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Tie constraint was used between the top surface of the overhang slab and the bottom

surface of the loading plate to follow the displacement of the overhang slab (Figure 17).

Figure 17: Tie constraint between the top surface of concrete slab and bottom surface.

Fully  bonded  reinforcement  was  used  forcing  the  nodes  of  the  bars  to  follow  the

displacement degrees of freedom of the surrounding concrete (Figure 18).

Figure 18: Embedded constraint between the reinforcement and concrete

MPC constraint was used between the node on of the loading plate and the top surface

of the loading plate (Figure 19).
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Figure 19: MPC constraint between the top surface of the loading plate and point of

application of load.

4.1.3.6 Mesh size
For  linear  elastic  FE-analysis  50  mm mesh  has  been  used  formed by  4-noded  shell

quadrilateral  elements.  To  perform  a  nonlinear  analysis  a  25-mm  mesh  formed  8-

noded elements was used for concrete. A 25-mm mesh formed by truss elements was

used for the reinforcement (Figure 20).

Figure 20: Meshing of the model
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4.1.3.7 Non-linear analysis procedure
The non-linear analysis of experimental test VK4V1 overhang reinforced concrete slab

was  studied.  The  task  was  considered  nonlinear  because  of  a  brittle  shear  failure.

According to (Veganzones Muñoz, 2016) this will lead to the performance of a quasi-

static  analysis  to  prevent  convergence  issues  and  the  loading  step  was  smoothed  to

avoid inertial forces affecting the results.

Once the model is validated, later edge beam with different alternatives are added to

study its influence on the structural behavior of reinforced concrete overhang slab. The

model validation is based on several parameters, such as fracture energy, concrete

compressive strength, displacement and boundary conditions.
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5 STRUCTURAL ANALYSIS
The structural analysis consists of multi-level assessment strategy which consists of the

following order:

· Simplified analysis method

· Linear FE analysis

· 3D non-linear FE analysis

In the first  step of  the structural  analysis  simplified calculations were carried out to

calculate the bending and shear capacity of the slab. The second step was to analyses a

linear-elastic FE model, the design value for the transversal bending moment per unit

width along x-axis ( , ) and the principal shear force per unit width ( , ) considered

in  the  critical  cross  sections  can  be  calculated  the  maximum  value  of  shear  force

obtained should not be used as a designed value. Thus, the redistribution of forces prior

to  failure  should  be  considered.  Finally,  a  3D  non-linear  modelled  was  developed

without and with the edge beam and the influenced of the load capacity was studied.

5.1 Simplified analysis method

5.1.1 Simplified calculation of the bending moment

The bending moment capacity( ) is calculated according to (Eurocode 2

CEN,2005), which is presented by Equations 11 and 12.

= (0.8 ∗ ∗ ∗ ( − 0.4 ∗ )) (11)

Where,

= ∗
. ∗

(12)
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Where,

= Design	value	of	concrete	compressive	strength.

= Design	value	of	yeid	strength.

= Area	of	steel.

= Size	of	neutral	axis

The  bending  moment  obtained  from  the  Equation  11  is  used  to  calculate  the  load

capacity ( ) according to Homberg & Ropers Plate theory.

 5.1.1.1 Homberg & Ropers plate theory
Homberg & Ropers (1965) presented simplified calculations which is based on Plate

theory. Homberg & Ropers presented influence surfaces for variable thickness (linear

and parabolic) and continuous spans including cantilevers for the calculation of my,d.

Figure 21 shows the influence surfaces for the root-free edge thickness ratio = 1. A

concentrated load P is applied on the required point of concrete slab to calculate my,d

using the corresponding scale to the slab represented. The required location that

matches with the influence surface will give the coefficient f used in Equation 13. For

several number of loads(n) a coefficient, fn can be used in Equation 14.

, = , = (13)

, = , = ∑ (14)
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Figure 21: Example of an influence surface for the calculation of (my,d max)  for thickness (t).

5.2 Simplified calculation of the shear force

A given load model according to the existing regulations the design shear force ν  in

the critical cross section considered must be derived to carry out the verification for

the shear resisting capacity. Shear is usually the governing failure mode at the ultimate

limit state of RC slabs without transverse reinforcement (Muttoni, 2008).

To calculate the shear load capacity ( , ) the structural designers may implement

one- way or two- way punching shear criteria. One-way shear criteria used for uniaxial

flow of shear force which is in the case of loads applied to the free edge while two-way

shear criteria used for bi-axial flow of shear force which is in the case of loads applied

close to the root of the overhang. According to the laboratory experimental test in the

bridge deck cantilever slabs (VK4V1) have been shown one-way shear failure.

5.2.1 One-way shear criterion

The authors believe that the consideration of one-way shear criterion in a local analysis

can be considered adequate even for forces applied close to the transversal free edge if

only the predominant direction of the principal shear perpendicular to the root of the

overhang  is  considered.  A  global  analysis  should  account  for  shear  along  the  other
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direction (Veganzones Muñoz, 2016). The design shear force ( ) is calculated using

Equation 15. The shear force per unit length v  can be calculated using Equation 16.

The  shear  load  capacity  along  the  critical  cross  section  using  the  distribution  width

w ,  can be calculated according to the Equation 17 as presented in (Figure 22).

= ( ∗ ( ∗ ∗ ) + ∗ ) ∗ *d	 ( )	 	 (15)	

= = + + + 							<  ( ) (16)

=
,

 ( ) (17)

Where,

·  is the shear force per unit length due to concentrated loads.

·  is the shear force per unit width due to the self weight.

·  is the shear force per unit width due to the overlay.

·  is the shear force per unit width due to other permanent loads.

· ,  is the distribution force for the shear

Figure 22: Distribution width for shear force one concentrated load (Veganzones Muñoz,

2016)
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5.2.1.1 Distribution widths
To calculate the distribution width the formulation is mainly based on experimental

tests performed by (Hedman & & Losberg, A, 1976). According to Swedish code Bro 11

the distribution width can be calculated using the following Equation 18. The critical

cross-section is illustrated in (Figure 22) at a distance ( ) from the load pad.

, = max
7 + +

10 + 1.3 (18)

5.3 Linear FE-analysis

5.3.1 Bending moment

The  design  bending  moment  from  the  linear  elastic  analysis  is  not  the  maximum

banding moment but is the redistribution of the bending moment in the -direction

	 ,  at the critical cross section considered. The critical cross section in the bridge

overhang slab is located at the overhang root.

 5.3.2 Shear force

In order to find out the design shear force capacity the principal shear force  from

FE-model  can  be  calculated  by  considering  the  shear  force  in x and y directions

according to Equation 19 .Pacoste et.al (2012) have proposed recommendations for the

distribution width , .For  a  certain  load  position,  a  linear  interpolation  between

maximum  and  minimum distribution  widths  by  using  Equation  21  &  22  should  be

performed as illustrated in (Figure 23) .The minimum distribution width is restricted

by a distance from the railing .The distribution width according to Swedish code

Bro 11 are calculated using the Equation 21.The limiting condition for the minimum

effective distribution width is depicted in (Figure 24).

			 = + (19)
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. = min
max

7 + +
10 + 1.3

			 = ( − ): x = x = 0.1 , , 	
 (20)

, = max
7 + + 			
10 + 1.3 for y=0 (21)

, = max
7 + +

10 + 1.3   for y= (22)

Figure 23: Interpolation calculation of distribution width for shear force (Veganzones Muñoz,

2016)
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Figure 24: Limiting condition for distribution width (Veganzones Muñoz, 2016)

5.4 3D Non-linear analysis

A 3D non-linear FE-model with solid elements was built to investigate the structural

behavior of the overhang slab in the ultimate limit state. The results were compared

with  to  the  experimental  result  to  validate  the  FE-model  as  a  means  of  load

displacement  curves  and  failure  mode  was  observed.  To  analyze  the  nonlinear  3D

Finite element, model a dynamic analysis can be performed instead of static analysis.

The rationale is in this study the RC slab shows brittle failure which causes a sudden

change in the structural behavior and results in singularities of the tangent stiffness

matrix which may arise convergence issue. To perform dynamic analysis a quasi- static

approach  was  used.  In  quasi  static  approach,  the  load  is  applied  using  a  controlled

velocity to reach failure, therefore, the acceleration varies very small at each increment.

The quasi static approach avoided the inertial forces that considerably affecting the

results.
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6 RESULTS AND DISCUSSION

The results are presented in this chapter having the following order: simplified

calculations, linear elastic FE-analysis and nonlinear FE-analysis. The critical cross

section considered for the bending is located at the root of overhang. The shear critical

cross section according to the Swedish code Bro 11 is located at a distance ( ) from the

load application point as illustrated in (Figure 25).

Figure 25: Shear critical cross section for VK4V1 test.

6.1 Simplified calculations

 6.1.1 Bending moment

The flexural load capacity ,  using the simplified method of Homberg & Ropers

(1965) is presented in Table 4. The concrete slab is extended with an equivalent flexural

rigidity to the edge beam was considered. As it can be seen in Table 4 that the addition

of  edge  beam  primes  to  a  higher  resisting  moment  capacity  and  thus  higher  load

capacity.  The  moment  capacity  obtained  from  the  simplified  calculations  are  also

presented in Table 5.
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Table 4: Flexural load capacity ( , ) using Homberg & Ropers Theory
Test , (kN)

VK4V11.
No EB With EB No		EB

With	EB
401 373 1.075

Table 5: Flexural capacity ( , )  using (Eurocode 2 CEN,2005)
Test , (kN/m)

VK4V1
No EB With EB No		EB

WIth	EB
164 153 1.072

6.1.2 Shear force

The  load  capacity  due  to  shear  force  using  the  guidelines  provided  by  (Eurocode  2

CEN,2005) is presented in Table 6. The distribution width is calculated according to

the  Bro  11.  As  it  can  be  seen  in  Table  6  the  shear  load  capacity  decreases  with  the

presence of edge beam this might be the added self-weight of the edge beam does not

have positive influence on shear capacity. Also, the distribution width does not have

the positive influence on edge beam.

Table 6: Shear load capacity ( , )and distribution width

Test ,  (kN) , (m)

VK4V1
No EB With EB

No	EB
WIth	EB

No EB With EB

431 383 1.125 2.075 2.075
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6.2 Linear elastic FE-analysis

 6.2.1 Mesh convergence analysis

In  linear  FE-analysis,  the  influence  of  mesh  size  is  studied  to  verify  that  the  model

converges by validating the bending moment and the shear force in the overhang slab.

The  convergence  analysis  is  studied  for  the  following  mesh  size  of  0.01  m

,0.025m,0.05m and 0. 075m. The convergence analysis for bending moment and shear

force with different mesh size is illustrated in (Figure 26) and (Figure 27), respectively.

Figure 26: Converging analysis for bending moment with different mesh size.
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Figure 27: Converging analysis for shear force with different mesh size.

From Figures 26 and 27 the model converges well, since the different mesh size does

not affect the bending moment and shear force. Therefore, mesh size 0.025 m is chosen

as it will give the more accurate result and required less computational time.

6.2.2 Bending moment

The flexural load capacity obtained from the linear elastic analysis for the experimental

test VK4V1 with and without edge beam is presented in Table 7. The load capacity is

higher in the presence of edge beam. The bending moment obtained from the linear

analysis is not the highest bending moment, but it is distributed over the distribution

width. The distribution width is calculated according to the section 5.2.1.1 and values

are presented in Table 7.

  The values of maximum bending moment with and without edge beams are presented

in  Table  8.  The  maximum and distributed  bending  moment  with  and  without  edge

beam is illustrated in (Figure 28).
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Table 7: Flexural load capacity from linear elastic FE-analysis

Test , ( ) , (kN)

VK4V1 2.075
No EB With EB

No		EB
WIth	EB

525 600 0.875

Table 8: Maximum and distributed bending moment with and without edge beam

Test No Edge beam With EB

VK4V1

,
(kN/m)

,
(kN/m)

,
(kN/m) ,  (kN/m)

177 130 170 115

Figure 28: Maximum and distributed bending moment with and without edge beam.
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6.2.3 Shear force

The shear load capacity obtained from the linear elastic FE- analysis is presented in

Table 9. The distribution width is calculated according to the section 5.2.1.1 and values

are presented in Table 9. The maximum and distributed principal shear force with and

without edge beam is illustrated in (Figure 29). The values of maximum principal shear

force  are  presented  in  Table  10.  As  can  be  seen  in  Table  9  the  shear  load  capacity

decreases with the presence of edge beam, this might be due to the self- weight of the

edge the beam that did not evenly distributed the shear force.

Figure 29: Principal and distributed shear force with and without Edge beam

Table 9: Shear load capacity ,   from linear elastic FE-analysis
Test , ( ) , (kN)

VK4V1 2.075
No EB With EB

No	EB
WIth	EB

380 325 1.169
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Table 10: Maximum and distributed principal shear force , with and without

edge beam.

Test No Edge beam With EB

VK4V1

,
(kN/m)

,
(kN/m)

,
(kN/m) ,  (kN/m)

336 235 347 277

6.3 3D Non-linear finite element analysis

The  validation  of  model  is  verified  by  quantity  and  quality  assurance.  The  quantity

assurance  is  carried  out  to  compare  the  tip  displacement  due  to  self-weight  of  the

reinforced  concrete  slab  obtained  from  the  non-linear  FE  -analysis  and  linear  FE-

analysis as presented in (Figure 30). The linear FE-analysis consists of shell elements

and the slab was assumed clamped at the root while non-linear FE-analysis consists of

solid elements and represents half of the experimental test. The values obtained from

linear-elastic and non-linear FE-analysis are presented in Table 11.

Figure 30: Load-tip displacement curve using linear FE and non-linear FE-analysis.
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Table 11: Tip displacement values obtained from linear and non-linear FE-analysis

Parameter Linear-FE
analysis

Non-linear FE-
analysis

− 	
− 	 −

Tip
displacement 0.0002 0.00031 0.64

As it can be seen in the Figure 30 the difference between the maximum displacement

obtained from the linear FE analysis and non-linear analysis is small that is acceptable.

The quality assurance is studied for the concrete tensile property with the mesh size

0.025  m which  is  illustrated  in  (Figure  31).  Figure  31  shows  that  the  tensile  stress-

displacement  curve  obtained  from  the  non-linear  FE-analysis  follows  the  curve

obtained from the calculated values based on the experimental input data that shows

the verification of tensile concrete properties.

Figure 31: Tensile stress vs displacement curves

A comparison between load- displacement curves from the experimental test and non-

FE-analysis is illustrated in Figure 32 and the values are presented in Table 12. The

results obtained from the non-linear analysis shows stiffer response as compare to the

experimental test, this might be the reinforced concrete slab is considered restrained

at the right side of the slab while it is not in experimental test. The results presented in

Figure 32 were considered correct to analyze the FE-model with the addition of edge

beam.
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Figure 32: Load-displacement curves from experimental test and non-linear FE-analysis.

Table 12: Comparison of load capacity from experimental test with non-linear

analysis (without edge beam).

Parameter Experimental value Without edge beam

Load capacity  (kN) 487 530

The  validated  model  is  calibrated  for  different  parameters  such  as  fracture  energy,

concrete compressive strength, boundary condition and displacement.

6.3.1 Fracture energy

Fracture energy is one of the important parameter when it comes to crack propagation

in  concrete.  A  small  value  of  fracture  energy  will  increase  the  number  of  cracks

acquired, but not to what extent. The fracture energy 	calculated according to the

guidance  of  model  code  for  concrete  structures  1990  and  2010;  the  values  are

presented  in  Table  13.  The  load-displacement  curves  for  different  values  of  fracture

energy are illustrated in Figure 33.
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Table 13: Fracture energy according to MC-1990and MC-2010
Parameter MC-1990 MC-2010

 (N/m) 82 143

Figure 33: Displacement curves for different fracture energy.

The author suggested from Figure 33, the fracture energy obtained from the model

code (MC-2010) is more reliable when comparing with the experimental test. The

reason is if an element is chosen in the Figure 33 the element with the model code

(MC-2010) gives a high value of tensile stress at any point as compare to the model

code (MC-1990).

6.3.2 Concrete compressive stress

The concrete compressive stress is one of the important parameter in the non-linear

analysis.  Figure  34  shows  the  load-displacement  curves  with  MC-2010  for  ultimate

strain =0.0035 and the modified ultimate strain =0.0043.  As  can  be  seen  in

Figure 34 that the ultimate strain increases the displacement under constant load and

thus continue until infinity and does not show end point in the curve However, it can

be seen in the curve with the modified ultimate strain. The concrete compressive
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strength in the Abaqus is modelled in 1D while in reality it is 3D this might also affect

the concrete compressive behavior.

Figure 34: Load displacement curves for different concrete strains.

6.3.3 Boundary conditions

Figure  35  shows  the  load  displacement  curves  with  MC-2010 and ɛ =0.0043 with

mesh  size  0.025  m for  the  slab  that  is  restrained  with  the  rigid  body  motion  (fixed
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motion is more accurate as compare to the roller support as it gives additional

displacement after failure point.

Figure 35: Load displacement curves for different boundary conditions

6.3.4 Displacement

Figure 36 shows the load-displacement curves for experimental test and for different

prescribed displacement (20,18,17,16 and 14 mm) with MC-2010, ɛ =0.0043 and

restrained boundary condition. The high displacement increments more rapidly

kinetic  energy  in  the  model  which  may  affects  the  analysis.  This  is  a  quasi-  static

analysis therefore for high displacement step is not smooth and thus increase in the

kinetic energy which might affects the results and thus small displacement gives more

precise  results.  The  load  displacement  curve  for  14  mm  displacement  is  the  more

realistic when comparing with the experimental result. The change of results

depending on specified displacement, the Abaqus might considered double precision

to prevent the differences.
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Figure 36: Load-displacement curves for different prescribed displacements

The load-displacement curves and failure modes of the overhang slab at 1.2 m obtained

from  the  non-linear  FE-  analysis  without  and  with  the  edge  beam  is  illustrated  in

Figure  37.  A  slightly  increase  in  the  load  capacity  and  slightly  ductile  behavior  is

observed in the presence of edge beam. The load capacity through non-linear analysis

with and without edge beam is compare to the experimental test and presented in Table

14. It was also noticed the bending reinforcement does not yield in both cases.
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No Edge beam

With Edge beam

Figure 37: Load-displacement curves and failure modes after cutting of the slabs

obtained from the non-linear FE-analysis (With edge beam).

Table 14: Comparison of load capacity from experimental test with non-linear
analysis (without and with edge beam).

Parameter Experimental
data

Without edge
beam With edge beam

Load capacity
(kN) 487 530 546
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Figure 38 shows the comparison between the load-displacement curves obtained with

the non-linear FE-analysis of reinforced concrete slabs of length 2.4 m and 10 m. The

failure modes obtained with the non-linear FE-analysis of the reinforced concrete slab

at 1.2 m and 5 m is illustrated in (Figure 38). The load capacity obtained through non-

linear analysis of reinforced concrete slabs of length 2.4 m and 10 m are presented in

Table 15. The bending reinforcement does not yield in both cases.

Without edge beam (2.4 m)

Without edge beam (10 m)

Figure 38: Load-displacement curves and failure modes after cutting of the slabs obtained

from the non-linear FE-analysis.
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Table 15: Comparison of load capacity from experimental test with non-linear
analysis (without edge beam).

Parameter Experimental
data

Without edge
beam (2.4 m)

Without edge
beam (10 m)

Load capacity
(kN) 487 530 840

Figure 39 shows the comparison between the load-displacement curves obtained with

the non-linear FE-analysis of reinforced concrete slab with the edge beam of length 2.4

m and 10 m. The load capacity through non-linear analysis of reinforced concrete slabs

with the edge beams of length 2.4 m and 10 m are presented in Table 16. The failure

modes obtained with the non-linear FE-analysis at 1.2 m and 5 m is illustrated in Figure

39. The bending reinforcement does not yield in both cases.
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With edge beam (2.4 m)

With edge beam (10 m)

Figure 39: Load-displacement curves and failure modes after cutting of the slabs

obtained from the non-linear FE-analysis (With edge beam)

Table 16: Comparison of load capacity from experimental test with non-linear
analysis (with edge beam).

Parameter Experimental
data

With edge beam
(2.4 m)

With edge beam
(10 m)

Load capacity
(kN) 487 546 975

The load-displacement curves of the overhang slab of length 10 m and failure modes at

5  m  obtained  from  the  non-linear  FE-  analysis  without  and  with  the  edge  beam  is

illustrated in Figure 40.  As it  can be seen in the Figure 40 the presence of  the edge
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beam leads to the higher load capacity and shows stiffer response. This might be due

to the slab is restrained at the right side of the slab. The load capacity through non-

linear FE- analysis without and with the edge beam is presented in Table 17. It was also

noticed the bending reinforcement does not yield in both cases.

Without edge beam

With edge beam

Figure 40: Load-displacement curves and failure modes after cutting of the slabs

obtained from the non-linear FE-analysis (Without and with the edge beam)
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Table 17: Comparison of load capacity with the non-linear FE-analysis of overhang

slab of length 10 m (without and with the edge beam)

Parameter Without edge beam With edge beam

Load capacity  (kN) 840 975

The load capacities presented in Table 18 obtained from the simplified method, linear

elastic FE-analysis for bending and shear respectively and non-linear FE-analysis. A

comparison to a reference load capacity  is visualized.   chosen for the results

of bridge overhang slab without edge beam refers to the one from the experimental

test.

Table 18: Summary of load resisting capacities obtained through different methods
and comparison to the experimental test.

Flexural Load
capacity	 , 	

(kN)

Shear Load
capacity	 ,

(kN)

No EB With EB No EB With EB

Experimental test - - 487 -

Simplified analysis
method 401 373 431 383

Linear elastic FE-
analysis 525 600 380 325

Non-linear FE-
analysis
(2.4m)

- - 530 546

Non-linear FE-
analysis (10m) - - 840 975

As it is cleared from the Table 18 the non-linear FE-analysis gives more precise

results then simplified method and linear elastic FE-analysis when comparing with

the experimental test. The reason is non-linear FE-analysis accounts more

parameters and thus gives precise results.



RESULTS AND DISCUSSION: CHAPTER 6

60



CONCLUSION AND FUTURE RESEARCH: CHAPTER 7

61

7 CONCLUSION AND FURTHER RESEARCH

7.1 General conclusion

Bridge overhangs are very important and sensitive part of the bridge because they must

need to resist high moments and shear force induced by the concentrated loads. The

influence of edge beam on the structural behavior of the reinforced concrete overhang

slab is investigated. The different assessment methods have been compared to the

experimental  test  and  a  validated  non-linear  FE-model  has  been  discussed.  The

following conclusions are drawn.

· Non-linear  FE-analysis  with  the  solid  elements  can  simulate  shear  failure  of

reinforced concrete overhang slab in acceptable manner when comparing with the

experimental  test.  This  is  due  to  number  of  parameters  were  introduced  while

examining with the non-linear FE-analysis. A quasi -static analysis is used in non-

linear FE-analysis to avoid convergence issues.

· The load-displacement curve of  non-linear FE-analysis  shows stiffer  response as

compare to the experimental test and leads to higher load capacity. This might be

due to the slab is restrained at the right side of the slab. `

· The  fracture  energy  calculated  from  MC-2010  considered  more  precise  for  non-

linear FE-analysis. The reason is the element considered with this fracture energy

will have high value of tensile stress. The compressive stress with the modified

strain = 0.0043 is considered for the analysis. This clearly shows the failure point

in the load-displacement curve. Fixed boundary condition is considered more

reliable as the result matches with the experimental test. The small displacement

gives more precise result when comparing with the experimental test. The reason

is in quasi-static analysis the step is smooth but with the high displacement the step

is not smooth and thus there is sudden increase in the kinetic energy and this affects

the results.

· The  presence  of  the  edge  beam results  in  slightly  less  load  capacity  in  the  hand

calculations and the linear elastic FEM. The reason behind that is the analysis just

considers the negative effect due to the self-weight of the edge beam. However, a
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non-linear analysis captures a positive affect from the edge beam close to the failure

which slightly increases the load capacity of the slab.

· The non-linear FE-analysis of overhang slab of length 10 m leads to much higher

load capacity and gives stiffer response as compare to the overhang slab of 2.4 m.

This might be due to the overhang slab is restrained at the right side of the slab. The

overhang slab of length 10 m in the presence of the edge beam gives higher load

capacity  and  shows  stiffer  response  as  compare  to  the  overhang  slab  of  length

10m.This might be due to the self-weight of the edge beam and the overhang slab is

restrained at the right side of the slab.

7.2 Further research

For further research, the author suggested to study the influence of flexural

reinforcement  ratio  and  the  addition  of  transversal  reinforcement  in  the  bridge

overhang, the size of edge beam and the concrete cover in the overhang slab are of the

interest.

The parametric study can be performed for the limitation between flexural and shear

failure. Furthermore, the concrete compressive strength can be investigated with the

influence of mesh size.
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