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Abstract

For bridges to cope with increased requirements such as increased loads, strengthening work can be
carried out. In cases where older steel-concrete bridges do not have a composite action, an alternative
is to create composite-action to achieve a higher flexural strength. It is introduced by post-installing
shear connectors. There are many different alternatives of shear connectors that can be used, hence
a number that can be installed from below the bridge to minimize the impact on the traffic. Coiled
Spring Pins are of the interference fit type connector and are put in place from below the bridge by
first drilling a hole upward through the upper steel flange and then into the concrete slab. Then, the
spiral bolt is pushed up into the drilled hole by means of a hydraulic hammer.

Using data from push-out tests and non-linear material models for steel and concrete, a non-linear
finite element analysis was created using the commercial finite element software Abaqus. The analysis
is based on dimensions and load cases that will mimic a planned full-scale beam test that will be carried
out later in 2019. To verify that the material and the model behave in a realistic manner, an analysis
was initially performed on a beam without composite-action, and a full-composite action beam with
infinitely rigid connectors. These were then compared with hand calculations according to Eurocode.

When the material models were verified, it is seen that the materials steel and concrete work for
themselves in the analysis without composite-action and together in the analysis with full composite-
action. The data for the spiral bolts is than defined instead of infinitely rigid connectors and new ana-
lyzes were performed to see the effect of the coiled spring pins properties.

The results show that a significant increase in the point load in the middle of the beam can take place
before failure occurs after installation of this type of shear connector. Already at a low number of
connectors and a low shear connection-ratio, a significant increase in the flexural strength is seen in
the beam.

By using partial-composite action, with a lower number of spiral bolts, a significant higher flexural
strength can be achieved in an economical way.

Keywords: composite bridge; composite action; shear connector; coiled spring pins; finite element
modeling



Sammanfattning

Nar kraven pa att broar ska klara av 6kade laster, kan forstarkningsarbeten utforas. | de fall dar aldre
stal-betongbroar saknar samverkanseffekt, ar det ett alternativ att infér samverkan for att uppna en
hogre boj-hallfastighet. Det infors genom att man installerar skjuvférbindare i efterhand. Det finns
manga olika alternativ av skjuvforbindare som kan anvandas, darav ett antal som gar att installera
underifran bron for att minimera paverkan pa trafiken. Spiralbultar (Coiled Spring Pins) ar av typen
presspassnings-férbindare och satts pa plats underifran bron genom att det forst borras ett hal uppat
genom Ovre stalflansen och sedan upp i betongplattan. Darefter pressas spiralbulten upp i det borrade
halet med hjalp av en hydraulisk hammare.

Med hjalp av data ifran push-out-tester samt icke-linjara material modeller for stal och betong, skap-
ades en icke-linjar analys i det finita element metods programmet Abaqus. Analysen ar uppbyggd med
dimensioner och lastfall som ska efterlikna ett planerat full-skaligt balktest som kommer utféras under
2019. For att verifiera att materialet och modellen beter sig realistiskt, utférs en analys pa en balk utan
samverkan, samt en full-samverkans balk med oandligt styva férbindare. Dessa jamfors sedan med
handberakningar enligt Eurokod.

Nar materialmodellerna var verifierade sags det att materialen stal och betong arbetar for sig sjalva i
analysen utan samverkan och tillsammans i analysen med full-samverkan. Data for spiralbultarna lades
sedan in istallet for oandligt styva forbindare och nya analyser utfors for att se paverkan av spiralbul-
tarnas egenskaper.

Resultaten visade att en betydande 6kning av punklasten i mitten av balken kan ske innan brott uppstar
vid installation i efterhand av denna typen skjuvférbindare. Redan vid ett l1agt antal férbindare och ett
lagt skjuv-forhallande ses en betydande 6kning av boj-hallfastigheten i balken.

Genom att anvanda delvis-samverkan med ett lagre antal spiralbultar kan man pa ett ekonomiskt satt
uppna en betydligt hogre boj-hallfasthet.

Nyckelord: samverkansbro; samverkan; skjuvforbindare; spiralbult; finita element modellering



Nomenclature

Abbreviations
CDP

CsP

FEA

FEM

Geometry

Aeff,concrete
A,concrete
Asteel

c-C

CG

he

hy

Material

Concrete Damage Plasticity
Coiled Spring Pin
Finite Element Analysis

Finite Element Method

Effective concrete area
Area of concrete cross-section
Area of steel cross-section
Center to Center

Center of gravity

Height of concrete slab
Height of web

Thickness of bottom flange
Thickness of top flange
Thickness of web

Width of concrete slab
Width of bottom flange

Width of top flange

Slope factor used to calculate compressive strength
Parameter used to calculate d,.

Parameter used to calculate d;

Damage parameter in compression

Damage parameter in tension

Modulus of elasticity

Initial modulus of elasticity

Steels modulus of elasticity

Initial concrete modulus of elasticity

Concretes mean modulus of elasticity



Erq Reinforcement elastic modulus

£ Strain
& The strain where f. occur
&' Initial elastic strain in compression
& Compressive strain
sé" In-elastic strain in compression
efl Plastic compressive strain
Enom Nominal strain
&t Tension strain
55” In-elastic strain in tension
Etrue True strain
frlggtic True plastic strain
efl Plastic tension strain
Esh Strain at strain hardening
&u Strain when steel reaches its ultimate strength
&y Strain when steel starts to yield
fou =12 Ultimate compressive strength of concrete
fry Reinforcement yielding limit
ftem Tensile strength of concrete
fy Yielding strength of steel
n factor used to calculate compressive strength
Onom Nominal stress
Oto Ultimate tensile stress

Otrue True stress



Table of Contents

Y - [ol T OO ST OO UUR PP PR i
FAY o1y - Lot AT U U UUR PP POTRRP i
SAMIMIANTATENINE ceei it e e er e e e e e e e e bbbeeeeeeseeataraaeeeeeesasbabasaeeeeeesstraaaeeeeesannsnns iii
NOMIENCIATUIE ...ttt et e s b e s b e s bt e s ae e s a et e ae e e et e b e e bt e b e e beesseesseesmeesneesnneenneens iv
3R 1oL o (¥ ot i o o W PP U R OPRTOPSRUPRTOPIS 1
1.1 Background and Research Motivation ... i e e e e 1
1.2 FAN e TR [T BT ol o o ISR 1
13 [ g VL= | T o PO P PR P PP PP PP PPPPPPPPPPPPPPPPPRE 1
1.4 Earlier RESEAICH ...ttt sttt st st re e 2
1.5 V=3 1 oo T« TP P T OTPR PR 2
1.6 OULIINE Of THESIS ..eieeiie ittt et st e s b e s be e e snee e sareesneeennneas 3

P O] ¢ Y o T Y L (< =T T =L TSRS 4
2.1 NONE- COMPOSITE ACHION .. ebebebesssannnes 4
2.2 FUll- COMPOSITE ACLION ....viiiiiiiee ettt e e e e e e e ate e e e e bae e e e eabaee e ennbaeeeennees 4
2.3 Partial- CompPOSIite ACLION........uuiiiiiee e e e s e e et e e e e e s e s e b e ee e e e e s e annnenees 5

3 AchieVving CoOmMPOSITE ACTION.....iiiii ittt e e e e e e e et ae e e e e e e e s ebteeeeeeeessnssseneeaeeeenanes 6
3.1 HEAAEA STUAS ..ttt ettt e bt e st e e s bt e s bt e e sabeesabeesabaeesabeesabeeeaeean 6
3.2 Post-installed Shear CONNECELONS ......ocuiiiiieiiie ettt et e s s saee e b s 6
3.2.1 (@foT11=Te Iy o o= =T o TR 7

N e 1Y T Yo =1 11 oYU SURR 9
4.1 NUMEIICAl MOEIS......ooiiiiiiiieee et re e e s esneeenneeas 9
4.2 Geometry and Material Data .......coovciiieiiiiiie et e e arae e 9
4.2.1 Steel girder and shear CONNECLON .....ccuiiiiiiiiee e e e 10
4.2.2 CONCIELE SIAD ... e e e 11
423 REDAIS ..t s e s re e e nnneean 11

4.3 Boundary Conditions and LOAdiNG .......cc.uuviiiieiiiiiiiieiee ettt e e e e e e 12
4.4 FE DiSCretiZation ooeee et e bt ba bt b et ebanennrnre 12
4.5 MaALErIal IMOTEL......eeiieiieeee et sttt e 13
451 R} (=] TSP PO PR PPON 13
4.5.2 (1o Tl =1 o = PP PPP 15

4.6 SNEAT CONMECELON ...ttt ettt ettt e s e e st e e s b e e smee e sabeesabeesnaeesaneesaneeaas 19
4.7 IMplementation Of ANAIYSES.......coii i e e 19

5 Verification of FE MOGEIS .......ooiiiiiiiieiereiee ettt 21
5.1 FE Verification @XamMPIES.....cccuvii ittt et e e et e e e e sate e e e e bt e e e eeabaeeesenraeeeennes 21
5.2 HaNd CalCUIatioNS .....coouieieiiie ettt st s e s b e e sare e sareeennas 21



5.3 Comparison of FEM and Hand Calculations ..........coociiiiiiic et 22

531 NON- COMPOSITE ACLION ..o 22
5.3.2 V1| oY g o Yo LY (< ot o] o NPT 23

6 NUMETICAl STUAIES ettt sb e b sbe e s s sane e 24
6.1 With and Without Full-Composite ACtioN ..........uueiiiriiiiceee e 24
6.2 Case 1 (CSP’s concentrated near the SUPPOITS) ....ecccuiieeeiiiie et e e 25
6.3 Case 2 (evenly diStribULed CSPS) ......ccccuiieciieeciee ettt ettt et e et e e saae e s taeeaae e 25
6.4 Different NnUMbEr 0f CSP S PEI METEI.......vviii ettt e e e s e e s sare e e ssaaaeeaas 26
6.5 Y 1o 31 o IO o] 13 i PSR 28
6.5.1 Vertical DiSPlacemMENT.....ccc e a e e e e 29

A (o] o Tol (V1Y (o o[- PR URTUPROTOUPROPRONN 30
7.1 P s 30
7.2 Recommendations to the Laboratory Beam TeSt .......cccccveieiiiieeeiiiiee e sveee e 30
7.3 FUINEr RESEAICR .. e s 30

8 REIEIENCES ...ttt st e e st st e bt e aee e s be e e be e e e nre e s reeeaneeesareeea 31
Appendix A — Hand CalCUIations........ccuiii it te e e e e e e e satae e s s aree e e saneeas 33
Appendix B — Parameters used in the concrete Model........ccoeieiiiiieciie e 36

vii



1 Introduction

1.1 Background and Research Motivation

There are a number of old non-composite steel-concrete bridges under service in Sweden which needs
strengthening due to today’s demand for higher traffic loads. One alternative for strengthening is to
develop a composite action between the concrete deck and the steel girder so that both elements
work as a composite element. The shear and flexural bending capacity of a non-composite bridge in-
creases significantly by achieving the composite action between the steel girder and concrete deck. In
fact, the load bearing capacity in a composite steel-concrete cross-section increases by utilizing the
high tensile strength of steel girder (in the tensile zone) and the compressive strength of concrete deck
(in the compressive zone).

The composite action can be achieved by post-installing shear connectors between the top flange of
the steel girder and the concrete slab. Various post-installed shear connectors are available for this
reason, see examples in figure 3.2 in chapter 3.

This research is about finding out how much the flexural strength is increasing with Coiled Spring Pins
(CSP’s) installed. CSP is a type of shear connector that has the advantage that it can be installed from
below the bridge and it is therefore not necessary to close all the traffic over the bridge. With a large
increment in the flexural strength and not so much disturbance of the traffic, installing the CSP could
be a very effective method to strengthen old steel-concrete bridges without any composite action. By
using numerical analyses to find the increments of installing CSP’s, realistic insight can be found and
afterwards compared with the planned laboratory test.

1.2 Aimand Scope

The overall aim of this study was to assess the structural behavior of composite steel-concrete beams,
which have the Coiled Spring Pins (CSP’s) as shear connectors, in comparison with non-composite
steel-concrete beams. As physical tests are usually expensive and require lots of preparations, the be-
havior of non-composite and composite beams was numerically analyzed by means of the Finite Ele-
ment Method (FEM) using the commercial FE-software Abaqus. The numerical analysis helped to eval-
uate the influence of the amount and position of CSP’s along the beam on the structural behavior of
composite beams. In particular, this study aimed to answer the following questions:

(a) What is the structural behavior of non-composite beams that are strengthened with post-in-
stalled CSP’s?

(b) Whether a partial composite action is effective as much as a full composite action?

(c) Whether the local placement of CSP’s close to the beam supports is as effective as their evenly
distributed placement along the beam?

(d) What is the influence of rigid and non-linear shear connectors?

The present study provides a better understanding of the performance of CSP’s for the strengthening
of non-composite bridges. It should be noted that, a full-scale experimental study is currently planning
to be carried out at the Lulea University of Technology. The present numerical study provides a better
prediction of the failure load and failure mechanism of the testing composite beams for the ongoing
experimental study.

1.3 Limitations

Like all numerical studies, the current study was subjected to several limitations. In this study, all FE
analyses are performed with boundary conditions of a simply supported girder and a point load in the
middle. The length of the girder and position of supports were identical in all FE analyses.



In the FE analyses, the welds on the steel girder are not modeled and it is assumed that the top and
bottom flanges are rigidly connected to the web. In addition, the friction at the concrete and steel
interface is taken into consideration for the FE analyses, albeit this is neglected in the hand calcula-
tions.

Furthermore, the moment of inertia of the concrete slab is considered in the FE analyses, while this is
omitted in the hand calculations.

In FE analyses, the failure is characterized once the steel beam reaches its yielding strength at the
lower flange. The failure is also considered to occur when the stresses at the top surface of the con-
crete slab exceed the concrete compressive strength or if the stresses at the bottom surface of the
concrete slab exceed the concrete tensile strength.

1.4 Earlier Research

Earlier research on CSP’s has mainly been performed by Dr. Hallmark and Prof. Collin at the Luled Uni-
versity of Technology. The research has been presented in (Hallmark, 2018a). Also, (Olsson, 2017) have
presented related information about shear connectors and case studies where they have been used.
In the thesis, a study of a Swedish bridge called the Pitsund Bridge has been performed, which has
been strengthening with Coiled Spring Pins.

There have been some similar studies to this thesis where FE-analysis has been performed to test dif-
ferent shear connectors. (Kwon G. , 2008) presented experimental and numerical studies on three dif-
ferent shear connectors. Kwon used the FE-program Abaqus in his numerical studies. He implemented
shell-elements for both the concretes slab and the steel beam, whereas he used a so-called connector
“Cartesian” for the shear studs.

The behavior of composite beams with various types of post-installed shear connectors has been nu-
merically studied by other researchers (see for example, (Tahmasebinia, et al. 2012; Thevendran, et
al.1999; El-Lobody & Lam, 2003; Prakash, et al. 2011). In all these studies, the composite beams were
simulated in Abaqus and the concrete slab and the steel beam were modelled with solid-elements and
the reinforcement with beam-elements. The shear connectors were modeled as spring elements or as
solid elements.

1.5 Method

In this thesis, a Finite Element (FE) numerical study was carried out to study the structural behavior of
composite steel-concrete beams, which have the Coiled Spring Pins (CSPs) as shear connectors, in com-
parison with non-composite steel-concrete beams. A simply-supported steel-concrete beam with the
free span of 6600 mm was simulated and analyzed using the FE software Abaqus. Three different cases
were studied: (a) a non-composite beam with no shear connector, (b) a composite beam with a partial
composite action, and (c) a composite beam with a full composite action. In all cases, the geometry of
the beams and the support and loading conditions were identical. The beams were locally loaded at
the midspan until failure. The failure is considered to happen when the bottom steel flange reaches its
yielding strength or if the concrete slab reaches its ultimate tensile or compressive strength.

Therefore, non-linear material models were used for concrete and steel to simulate the behavior of
the materials more accurately. The numerical modeling and analysis were verified by comparing the
results of analysis (for the non-composite beam) with the predictions according to (EN 1994-2, 2005).

To realistically simulate the behavior of shear connectors, the CSPs are modeled using the non-linear
load-displacement data obtained from a previous push-out test on CSPs at the Lulea University of Tech-
nology (for details of the experiments see Hallmark, 2018a).



The results of the numerical study are presented in terms of distribution of longitudinal stresses along
the beams’ cross-section, failure load and failure mode.

1.6 Outline of Thesis

Chapter one, presents the research background, aims, scope, limitations, method, earlier work and the
outline of the study.

Chapter two, describes the effect of achieving a composite action in bridges in non-composite bridges.

Chapter three, presents different solution to create a composite action by using post-installed shear
connectors.

Chapter four, describes how the FE-modeling’s were carried out and what properties were used.

Chapter five, presents a verification of the FE-model, as it is compared to calculations by (EN 1994-2,
2005).

Chapter six, presents the results of the performed FE-analysis and discussions about the results.

Chapter seven, presents the conclusions drawn from the results of FE-analyses and some recommen-
dations for the ongoing full-scale beam tests. Also, some further research ideas are presented in this
chapter.

Appendix A presents the hand calculations, which are used to verify the FE-model.

Appendix B shows the values used for defining and modeling the concrete material model used in
Abaqus.

Appendix Cillustrates different types of post-installed shear connectors.



2 Composite Bridges
A composite bridge is a type of bridge built with the two materials steel and concrete working together
as one structural component. The concrete slab is connected to the steel girder with shear connectors

which transfer the horizontal shear force at the interface between the two components (Kwon, et al.,
2007).

Composite action between the steel beam and concrete slab in a bridge is today a standard choice
when using the two materials together. But it has not always been like this in the past. Until the 1980°s,
there were still composite bridges in Sweden built without any composite action (Hallmark, 2018a). In
bridges where there is no composite action, it can be created afterward. It is achieved by post-installed
shear connectors which are installed between the upper flange of the steel beam and the concrete
slab. Different kinds of shear connectors and methods of achieving a composite action are explained
in chapter 3.3.

2.1 None- Composite Action

A bridge with non- composite action has the steel and the concrete work like individual components
(see anillustration of a non-composite beam and a composite beam in figure 2.1. Asillustrated in figure
2.1a, a slip will occur at the interface between the two components since the two components are not
connected to each other.

The concrete slab and the steel beam have their own center of gravity in the middle of each element,
where the neutral axis of each element is located. An exemplified description of the distribution of
strains along the height of the cross-section with non- composite action is shown in figure 2.2a.

a) Non-composite action

——
—

Figure 2.1 lllustration of a) non- composite action and b) composite action, redrawn from (Kwon G. , 2008)

b) Composite action

2.2 Full- Composite Action

It is known that steel material is strong in tension while concrete material is considerably weak under
tension. To receive a higher flexural and shear capacity of a section made of the two materials, a com-
posite action is often created between the two materials. To achieve this, some sort of shear connector
is installed at the interface between the two components. When the two materials are connected to-
gether, they will start working as one component. This will let the two materials have one common
neutral axis, which will now be located closer to the top steel flange. The strain distribution is now
linear throughout both materials (see an illustration of strain distributions for a composite section in
figure 2.2b.



To create a full composite action between the components, the shear connector is not allowed to be
the part that goes to failure. Instead the steel girder or the concrete slab must be the component that
fails. (Olsson, 2017)

2.3 Partial- Composite Action
When the flexural strengths of the girder are decided by the shear connectors strength and not the
concrete slabs plastic limit state, there is a partial composite action in the girder. (Olsson, 2017)

When a structure is designed with a partial composite action there will be a slip between the surface
of the steel and concrete. This slip makes the strain curve a bit different as can be seen in figure 2.2c.

According to (Kwon G., 2008) the shear connection ratio can be defined by the number of used shear
connectors divided by the total number necessary to create full composite action. A bridge with no
shear connectors has therefore a shear connection ratio of zero and works as a non- composite action
bridge.

All steel-concrete bridges have some degree of partial composite action. A steel-concrete structure
without any kind of shear connector will still be affected by forces creating some composite action, for
an example is friction created in the surfaces between the two materials. And even with enough shear
connectors to occur full- composite action, there will still be some slip due to displacement in the shear
connectors and crushing in the concrete, which will result in a lower degree of composite action.
(Hallmark, 2018a)

(a) No composite action € (b} Full composite action €

yaRRE TN

(c) Partial compaosite action €

Figure 2.2 lllustration of vertical strain in a steel-concrete structure with a) No composite action b) Full composite action and
¢) partial composite action, redrawn from (Hdllmark, 2018a)



3 Achieving Composite Action

Composite action is created as explained in chapter 2 by connecting the concrete slab to the steel
girder with shear connectors. Either the shear connectors are installed when the bridge is being built
or they are post-installed. Different methods and shear connectors are described below in sections 3.1
and 3.2.

By creating composite action for a non-composite steel-concrete section, the flexural and shear capac-
ity of the cross-section increases significantly. An example of the theoretical differences between the
stresses in the bottom and top steel flanges of non-composite bridge with a composite bridge can be
found in chapter 5.2.

In construction of new bridges, shear connectors are often pre-installed in the building process. There
are several advantages of pre-installed shear connectors compared to post-installed ones. The pre-
installed connectors (which are also known as cast-in place connectors) are more time-effective and
their installation can be performed offsite under a controlled environment.

In general, when the shear connectors are exposed to high stresses, they may have a ductile or brittle
behavior. The difference is mainly on how the connector deforms when the load capacity is being
reached. A ductile connector maintains its ultimate load capacity over a displacement while a brittle
connector loses its capacity quickly after reaching the peak load. (Olsson, 2017)

3.1 Headed studs

The headed stud, shown in figure 3.1 is the most commonly used shear connector in new steel-con-
crete bridge structures. After the stud is welded onto the steel flange the concrete is cast on top of the
girder.

Headed studs are often pre-installed during the construction of new composite bridges. They can also
be used as post-installed connectors for developing a composite action in existing non-composite
bridges. However, their post-installation procedure requires a lot of efforts and preparations. In addi-
tion, the bridge needs to be partly or entirely close for such an operation. In post-installation cases,
first, the concrete, waterproof layer and pavement layer should be removed and then the studs need
to be welded through a lot of reinforcement bars which often makes the access to the top steel girder
very limited.

i

Figure 3.1 Welded stud, redrawn from (Kwon, et al., 2007)

3.2 Post-installed Shear Connectors

There are different types of post-installed shear connectors used for developing composite action in a
non-composite bridge. They can be installed from above the concrete deck or below the upper steel
flange. Examples of the post-installed shear connectors are shown in figure 3.2.
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(a) (b) (c) (d) (e) (f) (8) (h) (i)
(a) Welded Headed Shear Stud (f) Single-Nut bolt
») High-Tension Friction Grip Bolt (g) Threaded Shear Stud
(c) Adhesive Anchor (
( (
(

1) Blind Bolt
d) Double-Nut Bolt i) Interference Fit Pins (Slotted spring

e) Bolt without embedded nut pins & Coiled Spring Pins)
Figure 3.2 lllustration of different post-installed shear connectors, withdrawn from (Hdllmark, 2018a).

The post-installed shear connectors can transfer shear forces through three different load-transfer
mechanisms. The most commonly used connector utilizes bearing/mechanical interlock load-transfer
mechanism, which is used for headed studs. The headed stud transfers the shear force by bearing the
concrete slab on the top of the steel flange. Some connectors utilize a friction mechanism for transfer-
ring the horizontal shear force (e.g. interference pin). A normal compressive force is created at the
surface between the steel connector and concrete when tension in the connector is achieved. This
gives a high stiffness and is an ideal mechanism for fatigue problems. Another load-transfer mechanism
is adhesion, which can be created by applying a structural adhesive between the steel beam and con-
crete slab. (Kwon, et al., 2007). In addition, a structural adhesive can be used for bonding post-installed
connectors inside pre-drilled holes in a concrete deck.

If the bridge has a planned maintenance of the concrete deck, it is a good opportunity to install any
kind of a post-installed shear connector, especially a connector that is installed from above. When
there is no planned maintenance another solution like installation from below may be more interesting
due to the limited disruption of the traffic. There are several different shear connectors that are pos-
sible to install from below. An example of them is the Coiled Spring Pin (CSP), which is focused on in
this thesis.

3.2.1 Coiled Spring Pin

The post-installed shear connector, which is being analyzed by a FE-model later in this thesis, is the
coiled spring pin (see figure 3.3). A CSP connector is created from a steel plate that is rolled approxi-
mately 2,25 times around the central axis of the pin. This type of connector is especially used in indus-
tries, where it can have dimensions from less than 1mm to the heavy-duty type of 20mm used in this
thesis. (Hallmark, 2018a)



Figure 3.3 Coiled spring pin, redrawn from (Hdllmark, Collin, & Hicks, 2018b)

The coiled spring pins have the ability to be post-installed without interrupting the traffic on the bridge.
It can be installed from below the bridge with only a small part of a lane closed. They are installed in
holes drilled from below the top steel flange into the concrete slab. A hydraulic hammer jack is utilized
for inserting the CSPs into the holes, as the size (i.e. diameter) of the CSP is often larger than the drilled
hole. The installation procedure as can be seen in figure 3.4. The CSP’s create an interference frictional
fit into the holes, which means that they do not need any welding, bolts or adhesive to stay in place.
In fact, the interference fit is created by a radial spring force that is generated in the pin after installa-

tion.
/ Tmm] Drilling i
Concrete P

Figure 3.4 Installation of a CSP step by step , redrawn from (Hdllmark, 2018a)
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4 FE Modelling

This FEA is solved by the static method Rik’s, as well as the static general method. Rik’s method con-
tinues calculating after the maximal load is reached while the general method stops as the defined
load is reached. Simpsons rule are used to calculate all material sections and 3 integrations points have
been used.

Abaqus has no pre-defined SI-system; however, the user must define the input parameters with con-
sistent units. The Sl-units presented in table 4.1 were applied for all analyses.

Table 4.1 Sl-units used in Abaqus

Quantity SI (mm)
Length mm

Force N

Mass ton (1000kg)
Time S

Stress MPa (N /mm?)
Energy m)J

Density ton/mm3

The in-data necessary in Abaqus is not engineering constants such as nominal stress and nominal
strain. The calculated stresses and strains need to be converted to true stress and true strain. In the
cases plastic strain is being uses, the nominal strain must be converted to logarithmic plastic strain.
This is being done to describe the current state of the material with respect to previously performed
states and not respect to the un-deformed ones that nominal stress and strain does. The nominal stress
and strain values can be converted to “true” values, either by Abaqus convertor function or by using
Eqg. (4.1), (4.2) and (4.3) as presented below:

Otrue = Onom * (1 + €nom) (4.1)
Etrue = In(1 + gnom) (4.2)
ehme’ = (L + epgm) — 2 (4.3)

4.1 Numerical models

As mentioned before, a Finite Element (FE) numerical study is carried out to study the structural be-
havior of composite steel-concrete beams, which have the Coiled Spring Pins (CSPs) as shear connect-
ors, in comparison with non-composite steel-concrete beams. A simply-supported steel-concrete
beam with the free span of 6600 mm is simulated and analyzed using the FE software Abaqus. Three
different cases were studied: (a) a non-composite beam with no shear connector, (b) a composite
beam with a partial composite action, and (c) a composite beam with a full composite action. In all
cases, the geometry of the beams and the support and loading conditions are identical. The beams are
locally loaded at the midspan until failure.

4.2 Geometry and Material Data

Figure 4.1 describes the geometry of the steel girder and concrete slab. The position of applied load
and the span length as well the edge distance from the support are also shown in this figure. These
dimensions are chosen to mimic a real full-scale beam test.
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Figure 4.1 lllustration of dimensions of the girder

In table 4.2, the quality of materials are described. From these qualities, other necessary parameters
are calculated to describe the material properties.

Table 4.2 Material qualities

Construction part Material quality
Steel girder S355

Steel plates S355

Coiled Spring Pin S355

Concrete slab C32/40
Reinforcement bars B500

4.2.1 Steel girder and shear connector

Figure 4.2 shows the dimensions of the steel girder and shear connectors that are modelled in Abaqus.
The steel girder has a web of dimensions L700xH250xT12 mm, top and bottom flanges of dimension
L7000xW250xT30 mm, and six steel plates of dimensions H250xW110xT15 mm as the stiffening plates
(three in each side). The shear connectors have a nominal diameter of 20 mm and a height of 125 mm.

Studs @20 h =125

PL 30x250 Totalt: 2 st
a
N PL 15x110x250
- Totalt: 6 platar
- |
o

PL 30x250

Figure 4.2 Cross-section dimensions of the steel beam

Table 4.3 presents the properties of the structural steel quality S355 which are retrieved from (EN
1993-1-1, 2005). The steel girder and its stiffening plates are assumed to have identical properties as
the properties presented in Table 4.3.

The shear connectors were positioned with a number of two in transverse direction. They were located
as is illustrated in figure 4.2, with a distance of 62,5 mm from the edges.

10



Table 4.3 S355 properties

Property Value Unit
Elastic modulus [E,] 210000 | MPa
Poisson’s ratio, v 0,3 -
fy 355 | MPa

4.2.2 Concrete slab

To model the concrete, specific properties of concrete must be specified in Abaqus. Concrete need
even further information due to its complexity, which are described more thoroughly in chapter 4.4.2.
Table 4.4 presents the properties used in the analyses, which are retrieved from (EN 1992-1-1, 2005).

Table 4.4 Concrete and reinforcement properties

Property Value Unit
Ecm 35 000 | MPa
Poisson’s ratio, v 0,19 -
fc,cyl 32| MPa
fe.cu 40 | MPa
frem 2,8| MPa

2

ftem is according to (Nilforoush & Shahrokh Esfahani, 2012) calculated by 0,24 * Ci. The geometry of
the concrete slab is rectangular with a height of 150 mm and a width of 1000 mm. The f; ., value are
used in the simulations.

4.2.3 Rebars

(Dassault Systéemes, 2013) recommends the modeling of rebar’s in a shell-element by defining rebar
layers and using the embedded technique if the concrete-element is solid. Below in table 4.5 are the
properties used to define the reinforcement. These properties are taken from (EN 1992-1-1, 2005).

Table 4.5 Reinforcement properties

Reinforcement yielding limit [f,., ] 500 | MPa

Reinforcement elastic modulus [E,;] 200 000 | MPa

Four rebar layers were defined, two rebar layers were considered in the longitudinal direction and two
rebar layers in the transverse direction. All the rebar layers have a clear distance of 150 mm between
each other and a diameter of 12 mm.
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A cover distance of 15 mm is considered between the edge of the concrete slab and the two transverse
layers of rebars. Both the layers in longitudinal direction are directly above or below the transverse
layer and represents the flexural reinforcement.

4.3 Boundary Conditions and Loading

The composite beam is modeled as simply supported. To achieve this boundary condition the model
has one support that is constrained in the x-, y-, and z-directions. The other support is constrained in
x- and z-directions. The supports do not limit the rotation in any direction.

The shear connectors are modelled in Abaqus as a so-called Cartesian connector. This kind of con-
nector works in a pre-defined coordinate system and is able to move in x-, y-, and z-directions. The
connectors’ properties are described in chapter 4.5.

The connection between the steel plates and the steel beam is defined as a “tie connection”. The tie
connection does not allow any movement of the individual component. This is chosen to represent the
welding between the two components and an assumption that there will be no failure at that position
is made.

The connections between steel-concrete surfaces is very important in a FEA to get as realistic results
as possible. In this case, the interface between the steel beam and concrete slab is defined by means
of tangential and normal elements. The friction formulation for the tangential elements is set to pen-
alty, which allows the contact an elastic slip when the force is applied. In addition, a friction coefficient
of 0,45 was applied as recommended previously in (Raous & Ali Karray, 2009). For the normal contact
elements, a hard contact is chosen as Pressure-overclosure since the steel and concrete at the inter-
face layer do not penetrate to each other. However, separation or uplift can occur for the normal
contact elements, which is likely to happen at the ends of the steel girder when slip occurs.

The steel-beam is chosen to be master surface and the concrete slab is selected as slave surface. This
is done according to the criteria stated in (Dassault Systémes, 2013), that the element with a stiffer
body and a coarser mesh should be assigned as master surface.

The load case is supposed to represent a point load. To avoid stress concentration around the point of
loading, which can result in local crushing of concrete and consequent run time error in Abaqus, a
uniform load is applied on an area of 300*300 mm in the middle of the concrete surface. The uniform
load is recalculated to represent the same force as a point load would do.

4.4 FE Discretization

The steel beam, steel plates and the concrete slab can be modeled by shell elements or solid elements.
In this study they are modeled by shell elements. Shell elements are mainly selected to save the time
for analysis as they can reasonably well present the behavior of composite beams.

The steel beam and steel plates are meshed with a technique called “structured”. The concrete slab is
not possible to mesh with a structured technique due to the uniform load that is applied on top of it.
Instead, a technique called “free” has been used for the concrete slab.

A mesh-convergence study is performed to see if the size of mesh elements has any influence of the
numerical results and also to choose a realistic mesh size for the elements. The aim of this study is
partly to verify the results of the numerical analysis. For this reason, the non-composite steel-concrete
beam was simulated at various mesh sizes. The size of mesh elements has been refined until the nu-
merical results converged reasonably. The mesh size varied from 120 mm up to 160 mm. The suitable
mesh size which resulted in convergent results was 145 mm for concrete slab and 50 mm for steel
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girder. It should be noted that the time of analysis increases by refining the mesh size as the total
number of elements increases. This must be considered when performing a mesh-convergence study.

To exclude the influence of size of mesh elements on the numerical results of different FE models, the
other FE models for the composite beams with partial and full composite reactions were modeled with
the same size of mesh elements as chosen in the non-composite beam. There are 2380 elements in
the steel beam, 40 elements in each stiffening steel plate and 368 elements in the concrete slab. In
total, the FE models have 2988 mesh-elements. An illustration of the discretized FE model is shown in
figure 4.3.

Figure 4.3 The FE-model shown with the mesh visible

4.5 Material Model

In Abaqus, there are a few parameters that must be known to describe the materials that are going to
be used. The density, elastic modulus, poison ratio and a stress-strain curve are required to describe
the material needed in this analysis. Concrete needs even more parameters to fulfill a realistic behav-
ior. There are some different methods and formulas that are possible to use to describe a materials
behavior and each assumption is described later in this section.

45.1 Steel

Steelis an isotropic material, which implies that it has the same properties in compression and tension.
In a numerical analysis, the methods can be simplified depending on what result you are expecting.
The material model can for an example be simplified as shown in figure 4.4 (a), (b) and (c).
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Figure 4.4 Different stress-strain relationships for steel (redrawn from Yun & Gardner, 2017)

Even more advanced stress-strain relationships can be applied to get a more realistic model. The non-
linear hardening model proposed by (Yun & Gardner, 2017) is assumed to be linear elastic between
zero-strain and the steel yield strain &,,.. The stress in yielding is constant while the strain increase
to &5,. Between &g, and g, the strain hardening is non-linear and calculated by eq. 4.4. When the
stresses are calculated based on different strains, the stress-strain diagram will look as the one in figure
4.5,

( Ee, e<g,
fy & <e<egg
fO) =1 ( . 2(Z5n) | (4.4)
fy + (fu - fy) 0,4 (Su_zsh) + _:h . % , Eshn < ES &y
\ 1+400( Sh) ]
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Figure 4.5 A stress-strain diagram of hot-rolled steel

In this analysis the “elastic perfectly-plastic” model shown in figure 4.4(a) is being used to describe the
material steel. It is due to there is no need to go any further into the plastic behavior in this analysis.
The analysis is finished when the stresses reaches its yielding limit. The material model is used for the
steel beam, steel plate and the reinforcement.

45.2 Concrete

As concrete is not an isotropic material, the stress-strain curve must be described differently in com-
pression and tension. Since the behavior of concrete is different after cracking, other parameters need
to be described. According to (Dassault Systemes, 2013) there are mainly three different models avail-
able in Abaqus that can describe the behavior of concrete. In this FEA, the concrete damage plasticity
(CDP) model was used.

Compression:

In compression a stress- strain relationship developed by Carreira and Chu and modified by Hsu and
Hsu has been used. Formulas and information have been summarized and presented by (Mertol, 2006).
An assumption of linear-elastic behavior up to 0.4a,,, is made according to (EN 1994-2, 2005) and then
a non-linear curve based on the equation 4.5 is used. An illustration of the compressive stress-strain
relationship can be seen in figure 4.6. The strain must be calculated iterative when the stress is 0,3a,,,.

The relationship used, need conversation to the unit “psi” from MPa to be able to work. A conversion
factor of 0,145037743 was therefore used.

In the CDP-model an inelastic strain and not the total strain is given as a parameter. The inelastic strain
is the strain after the elastic strain have been subtracted, this can be calculated from eq. 4.6 and 4.7
and is illustrated in figure 4.8.

fe_ nB(;)

= or0<e<e¢ (4.5)
7! B f max
¢ nﬁ—1+(%)
gin =g, — gl (4.6)
Where, €l = % (4.7)
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B is a parameter who is dependent on the shape of the diagram and is decided by using eq. 4.8 (Mertol,
2006)

’ s 3
p=(EE) +259 (4.8)

The variable “n” isequalto 1 as 0 < € < g; and “n” is also equal 1 when &y < € < &,,4, because f_ is
less than 62 MPa (Mertol, 2006).

&o and Ej; are calculated throw eq. 4.9 and eq. 4.10 and they are both obtained by a regression anal-
ysis (Mertol, 2006).

g =89+ 1078f!(psi) + 2,114 x 1073 (4.9)
E;: = 1,2431 x 1071/ (psi) + 3,28312 * 103 (4.10)
Oy ===

P —— L]

Q

€4

Stramn, £,

Figure 4.6 Compressive stress-strain diagram, redrawn from (Wahalathantri, Thambiratnam, Chan, & Fawzia, 2011)

Tension:

The stress-strain model first tested in the analysis is presented by Nayal and Rasheed’s and modified
by (Wahalathantri, Thambiratnam, Chan, & Fawzia, 2011) to avoid errors in the numerical analysis. The

16



model is assumed to be linear-elastic to o;gand then have linear-plastic behavior after the peak stress
as in figure 4.6.

Tensile Stress, o,

010G, “f--rr===========-------===2 |

g 125g, 4eg 8 7=,
Averaged Tensile Strain, g,

Figure 4.7 Modlified tensile Stress-strain diagram (Wahalathantri, Thambiratnam, Chan, & Fawzia, 2011)

When using the stress strain curve presented by (Wahalathantri, Thambiratnam, Chan, & Fawzia, 2011)
the analysis gave run time error and were not able to complete. Instead a tension stress-strain curve
obtained from (Jankowiak & todygowski, 2005) were used. This is a simplification done due to their
tension model has almost the same f,,,, as calculated in this thesis. The values used in tension to
describe the stress-strain relationship are presented in Appendix B.

Damage factor:

The CDP model is based on taking a damage factor into account to degrade the stiffness in the con-
crete. This is shown in Figure 4.8 and are being done as the stress has reached its peak and the stress
is descending (Birtel & Mark, 2006). To calculate the damage factors in tension and compression, for-
mulas described by (Birtel & Mark, 2006) is used and shown in Eq. 4.11 and 4.12

1 _ oc*E; !
de=1 R (4.11)

E-1
d=1-——2t8c (4.12)

- sf’(bit—1)+at*Egl
Where b, = 0,7 and b; = 0,1, based on experimental data of cyclic tests. (Birtel & Mark, 2006)

The plastic strain corresponding to inelastic strain must be calculated to find the damage parameter.
These equations are shown in eq. 4.13 and 4.14.

el = p, x gl (4.13)
gfl = b, * g%n (4.14)
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Figure 4.8 Stress-strain diagram in compression affected by damage parameter, redrawn from (Dassault Systémes, 2013)

Other parameters used in CDP:

To define the yield surface in concrete, five parameters has to be defined. In this case the parameters
recommended by the research of (Jankowiak & todygowski, 2005) are used and shown in table 4.6.
Abaqus standard parameters are being presented in table 4.7 as comparison. The viscosity has been
chosen to 0,003 to achieve less restriction at the analyses. To get an even more realistic behavior,
laboratory experiments to receive these parameters are necessary.

Table 4.6 CDP parameters obtained by (Jankowiak & todygowski, 2005)

Parameter Value
Dilation angle 38
Eccentricity 1
fvo/fco 1,12
k 0,666
Viscosity 0,003

Abaqus has its own standard values that would probably give good result as well. Abaqus standard
parameters are pretty close to the values presented by (Jankowiak & todygowski, 2005), which can be
seen in table 4.7.

Table 4.7 Abaqus standard parameters in a CDP model

Parameter Value
Dilation angle 36
Eccentricity 0,1
fvo/fco 1,16
k 0,666
Viscosity 0
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4.6 Shear Connector

The shear connectors were modeled as a non-linear connector element with properties achieved by
push out tests, obtained by (Hallmark, Collin, & Hicks, 2018b). In Abaqus, the user defines at which
force the connector allows a specific displacement. The data used to describe the CSP’s behavior in
these analyses is shown in figure 4.10.

160

140 — )

! - — =CSP @20
! CSP-Curve

0 5 10 §[mm] 15 20 25

Figure 4.9 Force - displacement relationship of a CSP

A connector type called Cartesian is chosen based on the ability to move along a pre-defined coordi-
nate system. The CSP’s are connected through the bottom of the upper flange to the middle of the
concrete slab and have a physical diameter of 20mm. An illustration of a typical connector in Abaqus
is shown in figure 4.10.

y / Slab
T N -1
1 —_— o
X ' F !
1 . -d
Interface —Mv_ Slip
1 Nonlinear
F shear spring
B — (stud)
Coupled
nodes (Uy) Steel beam

Figure 4.10 Illustration of a connector in a FEA, redrawn from (Dassault Systemes, 2013)

4.7 Implementation of Analyses
To decide the maximal load before failure and to be able to calculate how many CSP’s per meter that
are necessary to achieve full-composite action, a test analysis with 10 CSP’s/m is performed and the

19



result showed that maximal load before yielding in the bottom flange is 588kN. Hand calculations ac-
cording to (EN 1994-2, 2005) is then performed with the failure load obtained numerically to find how
many shear connectors is necessarily. The hand calculations can be found in Appendix A.4.

The results of the hand calculations show that 8 CSP’s/m are enough to achieve a full-composite action.
The span of the girder is 6.6 m and therefore a total number of 54 CSP’s are being used. For studying
the influence of partial-composite action, two cases were considered in which composite beams with
a total of 20 CSP’s and 40 CSP’s were simulated, respectively. In case 1 and 2, the number of applied
CSP’s is respectively about 33% and 67% of the case of the full-composite action.

In all cases, it was found that the bottom steel flange reaches its yield strength before the concrete
slab fails. The failure load was considered as the maximum load obtained from analysis rounded to the
closest integer.
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5 Verification of FE Models

To be able to verify the result of an analysis, some sort of verification needs to be done. In this study,
the numerical results were compared with the theoretical results obtained from the hand calculations.
The stresses in the upper and lower flanges of the steel beam and the deflection at the mid-span are
numerically measured. The hand calculations are performed according to (EN 1994-2, 2005). This ver-
ification is done to confirm that the material behavior of the steel and concrete is working together as
one unit and also working at their own.

5.1 FE verification examples
Two different FE models have been created to verify the reliability in the analysis. A non-linear model
with and without composite action is modelled and analyzed.

The model without composite action has no connectors in the structure. The friction factor at the con-
tact between the steel- and concrete surface is 0,45 which gives a more realistic behavior than reduc-
ing the friction due to non-composite. This model is later used to find the maximal load which is then
compared against all the other beam analyses with CSP’s.

The model with composite action has 54 Cartesian connectors applied in two rows as can be seen in
figure 5.1, which fully connects the concrete slab with the steel beam. The connectors have an even
cc-distance between each other and are fully rigid and are not allowed to move in any direction. The
fully rigid connectors will give a more accurate full-composite action than if they were defined to have
any deflection, this analysis is and therefore easier to verify.

Figure 5.1 Visualization of the full-composite action model with the concrete slab hidden

The applied load in the middle is defined as 4,44MPa, which corresponds to a point load of 400kN. The
results from the analysis is shown below in table 5.1.

Table 5.1 FEM calculated stresses and deflection

Stresses/displacement Non- composite Full- composite
Otopuf [MPA] -342 31

Opottom,if [MPa] 346 205

Umiddle [MM] 39 13

5.2 Hand Calculations
Firstly, the cross-section of the steel beam needs to be checked. If the flanges or the web is located in
class 4, areduction has to be performed. After the class for both the flanges and the web are confirmed
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to be in class 1 according to calculations in Appendix A.1, calculations of the stresses and deflection
can be performed without any reduction. The calculations were performed according to (EN 1994-2,
2005) and can be followed in Appendix A.

The point load is 400kN in the hand calculation and the results are presented in table 5.2.

Table 5.2 Hand calculated stresses and deflection

Stresses/displacement Non- composite Full- composite
Otopuf [MPa] -329 -15

Opottom,if [MPa] 329 209

Umiddle [Mm] 37 13

5.3 Comparison of FEM and Hand Calculations

To verify the result, a good assumption is that the result of the FEA should approximately be within 10
% of the hand calculations. 10 % is a good guideline and if the difference is larger, the in-data should
probably be looked closer into. In chapter 5.3.1 and 5.3.2 the results of the two different analyze cases
are compared with hand calculations.

5.3.1 Non- Composite Action

The non-composite girder shows good similarities when comparing the results presented in table 5.3.
Both the upper and lower flange shows a difference of about 4-5%. The deflection in the middle is a
little higher with 5,4% but represents only 2mm. The result of the comparison shows that the FE-model
gives between 4-5,4% higher values compared to the theoretical calculated result.

Table 5.3 Comparison between the results of the non- composite beam

Otopur [MPa] Opottom,ir [MPa] Umiddle [MM]
Hand calculations -329 329 37
FEM -342 346 39
Difference [%] 4,0 5,2 5,4

Figure 5.2 presents the neutral line where compression stresses transitions to the tension stresses
along the non-composite beam. According to theory presented in chapter 2.1, the intersection should
be exactly in the middle of the steel beam. As can be seen, this line is located almost in the mid-height
of the steel girder which is in very good agreement with the theory. The green line in figure 5.2 and
5.3 illustrates the theoretical neutral axis in the beam.

CRRHERG M

B et ——

Figure 5.2 The neutral axis of the non-composite beam obtained from FE analysis
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5.3.2 Full- Composite Action

The comparison of the numerical results obtained for the beam with full-composite action with the
hand calculations according to (EN 1994-2, 2005) indicates that the shear connectors are simulated
realistically. However, there is some slip between the concrete and steel representing a partial-com-
posite action rather than a full-composite action.

Table 5.4 Comparison between the results of the full- composite beam

Gtop,uf [M Pa]

Opottom,lf [MPa]

Umiddle [Mm]

Hand calculations

-15

209

13

FEM

-31

205

13

Difference [%]

106,7

2,0

0

The comparison shows that in the upper flange, the stress is 16 MPa higher in the analysis. This result
is much larger than the hand calculations and describes that there is a small slip between the steel
beam and the concrete slab, which is not 100% full-composite action as the theoretical.

Just as in figure 5.2, the line between compression and tension stresses is shown in figure 5.3 and 5.4.
According calculation made by eq. A.18 in appendix A, the intersection should be 21 mm below the
top of the upper flange when there is full-composite. In figure 5.3, the line cannot fully be seen due to
the line is above the flange somewhere in the upper flange, just as calculated.

Figure 5.3 The neutral axis of the full-composite beam with rigid shear connectors obtained from FE analysis

In figure 5.4 where 54 coiled spring pins has been analyzed, the line is somewhere between the upper
flange and the middle of the flange. This indicates that a partial-composite action is achieved.
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Figure 5.4 The neutral axis of the full-composite beam with CSP shear connectors obtained from FE analysis
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6 Numerical Studies

As mentioned in the first chapter, the main goal of the FE-analysis was to compare the maximum load
of the non-composite beam with the maximum load of full composite beam, before the lower flange
starts to yield or the concrete slab crushes. The result of maximum load before failure is presented in
chapter 6.1.

Two different cases will be analyzed to see if the location of the CSP’s are of a major importance as
suggested by (Kwon G., 2008). Case 1 will focus on a composite beam with connectors placed locally
close to the supports and case 2 is focusing on a composite beam with the same number of connectors
which are evenly distributed along the girder.

Also, a partial-composite action is designed when the number of CSP’s is less than the designed num-
ber for achieving full-composite action, which is done below in chapter 6.4. Where it will be analyses
of different numbers of CSP’s per meter to find out whether a partial composite action is effective as
much as a full composite action.

The analyses that has been performed is shown in table 6.1. The different number of CSP’s is per-
formed to see the structural behavior of a non-composite beam that are strengthened with Coiled
Spring Pins. It is also shown in these analyses if a partial composite action is as effective as with a full
composite action. With the results from case 1 and case 2, the importance of the placement with CSP’s
can be concluded. In chapter 6.1.1 the influence of fully-rigid connectors and non-linear shear con-
nectors with CSP properties are compared.

Table 6.1 Performed analyses

Performed analyses Positioning of CSP’s Total number of CSP’s
0, 8, 14, 20, 28, 34, 40,

Different number of CSP's Evenly distributed 48,54, 60, 66 & 74

Case 1 Centered to the supports 20 & 40

Case 2 Evenly distributed 20 & 40

Uplift & Slip Evenly distributed 0, 20,40 & 54

To make the visualization of the connectors placing easier, the concrete slab is hidden in figure 6.1 and
6.3 below, just as in figure 5.2.

6.1 With and Without Full-Composite Action

To analyze full-composite action with CSP’s installed, the model looks exactly like figure 5.2 where the
fully rigid connectors were applied. But this time the CSP-data presented in figure 4.9 is used. The
maximal load is found out to be 580kN before the lower steel flange reaches its yielding limit.

When the model has no composite action, the load applied before the lower steel flange starts to yield
is 409kN. With hand calculations performed a theoretical load of 431kN should be possible. This shows
a value of about 5% lower than theoretical.

The increases of load are significant larger when CSP’s are added, and composite-action is obviously
achieved. According to hand calculations the perfectly full-composite action before yielding is 679kN.
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It is a big difference between the coiled spring pins maximal load and the fully-rigid shear connectors.
The fully rigid connectors allow no displacement and are therefore resulting in a higher degree of com-
posite action.

6.2 Case 1(CSP’s concentrated near the supports)

In literature as (Kwon G., 2008) it is stated that concentrating the shear connectors closer to the sup-
port could give a higher composite effect than an evenly distributed placed shear connector when
applying partial-composite action. To test this with CSP-connectors, 37% and 74% of the total amount
is put closer to the support. This is done with a c-c distance of 200 mm between the connectors and
the first row is 200 mm away from the support. An illustration of this with 20 shear connectors is shown
in figure 6.1.

Figure 6.1 20 CSP’s concentrated close to the supports

In Figure 6.2, the partial-composite action increases as the number of shear connector increases. From
non-composite action to a partial-composite ratio of 37%, the increase in maximal load is 24,0%. And
from zero composite to 74%, the increment is 35,7%

Load [kN]

30 40
Number of CSP’s

Figure 6.2 Results from case 1

6.3 Case 2 (evenly distributed CSPs)

The other case tested is evenly distributed CSPs along the beam longitudinal direction as can be seen
in figure 6.3. In this case, a total of 20 and 40 CSP’s are placed along the beam in two different models.
The CSPS are positioned at a distance of 200 mm from the beam supports and evenly distributed along
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the beam at 688,9 mm and 326,3 mm center to center spacing, depending on number shear connect-

ors.

Figure 6.3 The FE model with 20 CSP’s evenly distributed

Just asin case 1, a large strengthening is seen in figure 6.4 when coiled spring pins have been installed.
When 74% of the total number connectors installed the result is almost the same as case 1, a load of
3kN higher is possible in case 2. With 37% installed the increment of load is 25,2% instead of 24% that
is achieved in case 1. It seems that there is no major difference depending on the positioning of the
connectors in this case. But evenly distributed shear connectors would be favorable in this analysis.

Load [kN]

30 40
Number of CSP’s

Figure 6.4 Results from case 2

6.4 Different number of CSP’s per meter

In this analysis the maximum load before yielding in the lower flange is studied with different number
of CSP’s per meter. The calculation of the total number of shear connectors is based on the nearest
even number upwards. The total length between the supports is 6,6 m and multiplied with CSP/m gives
the total number used in the analysis. The first and last row of shear connectors have a distance of 200
mm to the support. Figure 6.5 presents the results of the different maximal loads depending of number
CSP’s per meter.
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Figure 6.5 Results of different number CSP’s per meter

The results presented in table 6.2 includes the percentage of increased load compared to non-compo-
site action as well the shear connection ratio. The maximal load increases even after the full-composite
action is achieved due to each connector takes less load and therefore allows a lower displacement.

Table 6.2 Summary of increased load and shear connection ratio with different number of CSP s per meter

cseim | Ty | shearratioll| - Marimalload vy | "5 BOREEE BT,
0 0 409 0
1 8 15 469 14,7
2 14 26 492 20,3
3 20 37 512 25,2
4 28 52 535 30,8
5 34 63 548 34,0
6 40 74 558 36,4
7 48 89 567 38,6
8 54 100 580 41,8
9 60 111 582 42,3
10 66 122 588 43,8
11 74 137 591 44,5

What is noticed in table 6, is that the specimen with two CSP’s directly under the load have a slightly
higher increase of percentage than the specimen that doesn’t have shear connectors directly below
the load. For an example, 8 CSP’s per meter has an increase of 3.2 percent units when six shear con-
nectors are added compared to 9 CSP’s per meter, which only have an increase of 0,5 percent units
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when added the same number of connectors. When the amount of shear connectors is increased, the
percentage unit are decreasing compared to the previous specimen.

All analyses have ended with the bottom steel flange reaching its yielding state. The concrete did not
go to failure and did not reach its highest stress in either compression or tension.

A small parameter study where performed to see the result of using the steel quality S420 instead of
S355 in the steel beam and steel plates. The result showed that without composite action, failure oc-
curred in the lower steel flange at a load of 477kN. When 54 coiled spring pins where installed and full-
composite action is achieved, the load increased to 681kN. This is an increase of the maximal load by
42,8%. Comparing this increase to the quality of S355, the percentage is almost the same. 1 percentage
unit higher is achieved by using a higher steel quality in this analysis.

6.5 Slip and Uplift

Slip is the difference in the horizontal displacement of the respective nodes on the top flange and con-
crete shell. Uplift is the difference in the vertical displacement. In figure 6.6, the data calculated by
Abaqus is visualized when a load of 400 kN was applied at the non-composite girder. The nodes of
booth elements were at the middle and the end of the girder. In figure 6.6, number “1” is the slip in
transverse direction of the girder, number “2” is the uplift and number “3” is the slip in longitudinal direc-
tion.

Wode: STEEL EEAM-1 .12

1 2 3 Hagnitude
Ba=e coordinates: 0.00000e+000, 1.25000e+002, 7.00000=+003, -
Scale: 1.00000=+000, 1.00000=+000, 1. 00000=+000, -
Deformed coordinates {(unscaled): 1.04136e-003, 1.28200e+002, 6.99580=+003, -
Deformed coordinates (=scaled): 1. 04136=—003, 1.28200e+002. 6.99580=+003, -
Displacenent {unscaled): 1.04136e—003. 3.20040e+000. -4 20137=+000. 5. Z28148=+000

Node: COHCRETE SLAB-1.96

1 2 3 Hagnitude
Base coordinates: 1.19049=—001, 2.30000e+002, 7.00000=+003, -
Scale: 1.00000=+000, 1.00000e+000, 1. 000004000, -
Deformed coordinates {unscaled): -1.43218e-001, 2.33200=e+002, 6.99969%9=+003, -
Deformed coordinates (=scaled): —-1.43218e=-001, 2.33200e+002, 6£.9996%9=+003, -
Di=placemsent (un=s=caled): —2.62267=—001, 3.20015e+000, -3 .07220=—001, 3.22554=+000

Hodes for distance:

STEEL_BEAM-1.12.

CONCRETE_SLAE-1.96
1 2

3 Hagnitude
Ba=e distance: 1.19049=-001, 1.05000=+002, 0.00000=+000, 1.05000=+002
Scale: 1.00000=+000, 1.00000e+000, 1.00000e+000, -
Deformed distance (unscaled): -1 .4425%9=-001, 1.05000e+002. 3.89404=+000. 1.05072e+002
Deformed distance (=caled): -1.4425%9=—001, 1.05000e+002. 3.89404e=+000. 1.05072e+002
Relative displacement (unscaled): -2 63308e—001, -2.43902e—004, 3.89415=+000, 3.90304=+000

Figure 6.6 Data of the relative displacement from the analyze of the non-composite girder.

In both table 6.3 and 6.4, it can be seen that the slip decreases as the number of coiled spring pin
increases. Even when a load of 580kN at the girder with full-composite action, the slip is much lower
than the other cases with lower number of shear ratio. The data of these two tables are therefore
showing that the coiled spring pins are reducing the slip a lot compared to a non-composite action

girder.

Table 6.3 Slip and Uplift analyzed at a load of 400kN

Number CSP’s Slip [mm] Uplift [mm]
0 CSP’s 3,8942 -0,0002
20 CSP’s 1,0189 0,0725
40 CSP’s 0,3905 0,0669
54 CSP’s 0,2038 0,0663
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The uplift seems also to decrease as the number of CSP’s increases, but is almost constant when
higher load is applied at different shear ratios. At 0 CSP’s the uplift has a very small negative displace-
ment, which means that the elements are getting closer to each other.

Table 6.4 Slip and Uplift analyzed at a point load of the maximal load possible at each number of CSP’s

Number CSP’s Slip [mm] Uplift [mm] Load [kN]
20 CSP’s 1,5917 0,1038 512
40 CSP’s 0,6597 0,0991 558
54 CSP’s 0,3157 0,1004 580

6.5.1 Vertical Displacement
The Vertical displacement is also analyzed at the composite girder. This is done at the midspan of the

lower flange in all four conditions, at their maximal load before failure.

Table 6.5 Vertical displacement at midspan of the lower flange

Number CSP’s Vertical displacement [mm] Load [kN]
0 CSP’s 39,1476 400
20 CSP’s 31,6355 512
40 CSP’s 28,8008 558
54 CSP’s 27,9997 580
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7 Conclusions
7.1 CSP

After the 54 CSP’s have been installed the maximal load before the failure in the lower steel flange
occur, increases from 409kN to 580kN. This is a load increment of 41,8% and shows that a significant
increase of the bridge flexural bending can be increased with post-installing coiled spring pins.

What can be seen from this analysis is that there is no significant different of maximum load before
failure in case 1 compared to case 2. The positioning of the CSP’s has no major effect if it is evenly
distributed across the beam or is concentrated near the supports. The very ductile behavior of the
CSP’s may be the cause of this result.

After full-composite action is achieved at 8 CSP’s per meter, the parentage unit is only increasing about
1 as more connectors are added and that number is decreasing even further. It is probably not eco-
nomical to add more connectors if the girder needs even more strengthening. Another method would
therefore be recommended.

According to (Kwon, et al., 2007), it may be crucial for the economic viability to post-install shear con-
nectors with a partial-composite action instead of a full-composite action. The results in this thesis
show that only 74% of the total number to achieve full-composite action is enough to increase the
point load with 36,4% instead of 41,8%. If the total number is reduced even further to 26%, the point
load will increase with 20,3% compared to non-composite. This will largely decrease the total cost of
the bridge strengthening if a lower amount is enough.

A lower number of CSP’s will not result in a failure of the studs themselves, it is still the lower flange
of the steel beam that reaches yielding. This type of stiffener allows a high displacement when the load
increases which results in a lower degree of partial-composite action. Therefore, the steel beam or
concrete slab will be the part that first reaches failure.

7.2 Recommendations to the Laboratory Beam Test
- Evenly distributed or concentrated CSP’s close to the support does not affect the maximal load
according to theses analyses, the placement should not mater.
- One beam designed with full-composite action and one with partial-composite action.
- Ifthe main goal of the test is to let the coiled spring pins go to failure, a higher strength quality
of concrete and/or other dimensions of the steel beams cross-section is necessary.

7.3 Further Research

- Instead of using shell-element a model with solid-element would be interesting to compare
the results with.

- Afull-scale beam test is planned to be performed during the spring 2019. A comparison of the
FEM-results from this thesis compared to the upcoming results obtained by the beam tests is
of high interest. Also, be able to adjust the material models in the analyze is possible after
performed tests, due to possible knowledge about the concrete’s and steels strength and its
behavior.

- It would be interesting to see further results of a parameter study. Adding material data from
the planned full-scale beam then comparing different material thicknesses, widths and span
lengths to see how the maximal load varies.
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Appendix A — Hand Calculations
The calculations below are performed according to (EN 1993-1-1, 2005) and (EN 1994-2, 2005).

A.1 Classification of Cross-Section Class

No reduction is needed in the yielding limit at the flanges or the web due to the thickness is less than
40mm.

e= [25-081 (A.1)
355
Flanges:
¢ =" = 119mm (A.2)
£ =49 (A.3)
trxe - ’

As equation A.3 is less than 9, the flanges belong to class 1 and there is no need to reduce the cross-
section.

Web:

¢ =h, =250mm (A.4)
=256 (A.5)

ty*E

Due to equation A.5 is less than 72, the web doesn’t either need any reduction of its cross-section.

A.2 Non- Composite Action

F = 400kN
L = 6600mm
Fx*L
Minax = 4 (A.6)
CGgtoer = 155mm Due to symmetry of flanges.
As = typ * Wyr + tip * Wip + Ryep * Wyep (A.7)

The local coordinate system has origin in the top of the upper flange with positive direction down-
wards.

Wweb*ha/eb hweb 2 Wuf*tg-f tufs
Ix,steel = 12 + hweb * Wyep * (tuf + 2 CGsteel) + 12 + tuf * Wyyr * (T -
2 Wlf*tl3f tlf 2
CGsteel) 12 + Wig * tlf * (tuf + hweb + o CGsteel) (A-S)
Ix,steel
Wsteel,top,uf = - CGotoel (A.9)
— Ix,steel

Witeelbottom,if = CGsteor—web—Tur—tiy (A.10)
Stresses:
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M.
Osteel,top,uf = ——naE— (A.112)

Wsteel,top,uf
J— Mmax
Osteel,bottom,lf = WteeLbottomis (A.12)
Deflection:
FxL3
Usteelmiddle = g 7 21 Earlystoet (A.13)

A.3 Full- Composite Action

F = 400kN
L =6600mm
F*L
Moy = e (A.14)

The local coordinate system has origin in the top of the upper flange with positive direction down-
wards.

CG, = —=75mm
Ny = —% = 6,563 (A.15)
Ecm

A =w *he (A.16)
Acomp = Ac +22 AL7

comp c T, ( )

%*CGC
CGeomp = As * Clsteer + m (A.18)
g =2 (A.19)
c T, .
— 2 I¢ Ac 2
Ix,comp = Iy steet T As * (CGsteer — CG)* + o + To * (CGC - CGcomp) (A.20)
_ Ixcomp
Weomp,topur = _m (A.21)
_ I comp
Weomp,pottom,if = CGeomp—hwen—tup—tiy (A.22)
Stresses:
M.
Ocomp,topuf = m (A.23)
= _tmar (A.24)
Ucomp,bottom,lf - Wcomp,bottom,lf .
Deflection:
F*L3

Ucomp,middle = 28+Eq+lxcomp (A.25)
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A.4 Calculations of number CSP’s per meter to achieve full composite action

According to (Hallmark, 2018a) the CSP’s have an estimated static strength of 130kN/CSP if the mini-
mum thickness of the steel plate is 20mm and the compressive cylinder strength of the concrete is
between 24- to 45MPa. When a safety factor of 1,25 according to (EN 1994-2, 2005) is adapted the
designed strength is 104kN/CSP.

A
=R (CGeomp=CGe)*V

Fyf = = 777kN /m (A.26)

Ix,comp

Where, V = g = 294kN (A.27)

And F = 588kN as described in chapter 4.6.
5 =75 (A.28)

104

Rounded upwards, the total number of coiled spring pins per meter is 8.

35



Appendix B — Parameters used in the concrete model

Compression:

Equations 4.5-4.10 are used to calculate the values in table B.1.

Table B.0.1 Stress and strain values in compression used in the CDP-model

True stress [MPa] True in-elastic strain d,c
1,605E+01 0 0
2,246E+01 7,123E-05 0
3,083E+01 2,306E-04 0
4,011E+01 1,365E-03 0
3,046E+01 4,926E-03 4,77E-01
2,056E+01 9,238E-03 6,64E-01
1,223E+01 1,712E-02 8,23E-01
Tension:

The values used in tension is withdrawn from (Jankowiak & todygowski, 2005).

Table B.0.2 Stress and strain values in tension used in the CDP-model

True stress [MPa] True in-elastic strain dt
1,999E+00 0 0
2,842E+00 3,333E-05 0
1,870E+00 1,604E-04 4,064E-01
8,627E-01 2,798E-04 6,964E-01
2,263E-01 6,846E-04 9,204E-01
5,658E-02 1,087E-03 9,801E-01
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