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As thetraffic volume increases, the infrastructure must adapt accordingly. To this end, numerous
traffic bridges have been constructed over the last 150 ydamsing this time, many bridges have
ended up abandonedreplaced or demolished. Howevenany still stand and function to this day.
Because bridges are commonly built based on an expected lifetime of 75 to 100 gdarge
guantity of bridges arereaching the end of their design lifetime, or evare far overdue. To ensure
these bridges aregemain operationalwithout experiening catastrophicfailures, they have to be
recalculated, and if need begpaired, strengthened or replaced common method of construction
of steel bridges in the earyp-mid 1900s washrough a process called hot rivetingdnfortunately,
these riveted bridges regularly display incredibly complex geomet@sabined with thefact that
riveting is a largely lwsolete building method nowadaysjeans that reassessment of these bridges
often proves to be difficult, as a limited number of optsis availablein official guidelines to tackle
these problems.Furthermore, several bridges across the globe had expeargehfailure due to
fatigue, a phenomenon that wasommonlyunaccounted forin the design, and for particulayl old
bridges everunknownaltogether.

While fatigue phenomena have been extensively investigated throughout the ysardies
pertainingto the fatigue of riveted connectiorare relatively limited.The Eurocode on fatigue, EN
19931-9 (2012)includes only two detail categas. Additional guidelines, like RBK St&617)
expand upon these detail categories, but focus primarily on Hopilbeamcrosssections in riveted
structures, rather than riveted connectionfn order to attempt to moe accurately asseshe
complex joins present in ancient steel bridgeshis thesis attempts to answer the following
guestion:

What would be a suitable approach to model complex riveted joints and assess their fatigue life
considering a balance betweeretlevel of complexity and applicability in design practice?

To answer this question, a literature review has been performed, in which the different factors that
affect the resistance of a riveted connection to static or fatigue loading have been invedfigat
showing important fators to be thematerial properties, presence of clamping stressen the rivets,
stress ranges, stress fas and level of multiaality in the joint Furthermore, a detailed overview of

the fatigue calculatiormethods based onstandard guidelines, as well adternative approaches,
such as théocalstraintlife approach, are presented.

Thereassessment of the static resistance of the John S. Thompsonbridge performedhfm ig
investigated,zooming in orsome ofthe issueof complex riveted jointshat needed to be worked
around

Detailed Finite Element (FE) modaif the bridgejoint observed in b Y F NI Q& NXdbeeh Odzf | § A
constructedwith shell elementsbased on the experimental and numerical studies on riveted joints

from the literature The FE models presume only axial loading on the beams of the joint, based on

the trusslike structure of the bridgeModels with and without prestressing applied to the riget

have been considered separatefyritical sectionsvithin the modelshave been identified, ande-

modelled using sunodels with solid elements. The results on one hsuritical sections are
highlighted.

With the results from thesesub-models, a fatigue life estimation is maderough strain-life and
stresslife estimation methodsThe ¢rain-life (¢-N) and stresgife (SN) curves for the considered
critical sectionare presentedThe effects of mean stress effedthrough the SmitAWatsonTopper
(SWTadaptation)and multiaxial loadindthrough the maximum shear strain criterigMSSQ)are



investigated Throughthe establishment of empirical formulae, a rétaship between the applied
axial force to the joint and the local stresses and strains is descrilede empirical formulae,
which representthe transfer functionsthe calculation of the fatigue life of the observed critical
location can be significantly simpdifl. A simple examplef the estimation of the fatigue life until
failure is providedusingthe transfer function based on a single load range (ahé resulting local
stress and strain range)The simple example shows that a stress concentrafidator-based(SCF)
method as prescribed by the Eurocodes not preferableto estimate the fatigue liferesulting in
very conservativestimations The @gpin esimated fatigue life between the S\WApproach and the
MSS&pproah suggests thatmean stress effects have a siigantly larger influence on the
remaining fatige life than the level of multiaxialityn this joint This is futher backed by the
expectedinherent working of the truss beamsjhere local mean stresseis a critical locationwill
almost always be nomerg due to the beamgyenerallybeing either in énsion of compression,
without switching On top of the fact thathe axial load$rom the diagmal and horizontal beams will
remain proportional to eaclother, limiting thedegree of muiaxiality, MSSC does not accouot
these nonzeromeanstresses

Prestressingshowsno effect on the SN or -N curves,but incorporation of prestressing into the
modelsdoesshow a significant benefib the fatigue life estimation of the jointas lower oveall
stress and strain anges are observed following from the sarapplied load as nopreloaded
models Applying a small clamping stress of 40 MPa on the rivets improves iheated fatigue life
by two to three times its original estimationThis suggests thatlamping stresses on the rivets
should likely be considered in the fatigue assessment of a riveted structure.

Applying the different metbds in pactice is most easily done through the Sa#thod. Itrequiresa
dlightly smpler modelthan the other two methodshas noneedfor transfer functions, and utilesa
very simple formula requing no additional material datddowever, lecause the models for SWT
and MSE areonly slightly more complexand model building is a substantial part of thgsessment
the advantages ofising SCF do not weigh up to tegpectedincreasein accurag and derease in
consewativity that is found witheither of the other methads. Given thaimean stress effects are
gererally more prevalent ifoints, SWT is #preferred method to perform afatigue assessment,
overthe SCFand MSS@pproaches.

Recommendations for future research indeé an experimental analysis of a fsdlale joint to
complement the findings of this thesisd to corroborate the propsed estimation methods and the
use of transfer functionsot estimatefatigue lives. Additionallya completefatigue estimaiton for a
full-scale jomt, consideringmultiple aitical sectionsand theirindividual fatgue respnses can be
performed.
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1. Introduction

Over the course of the last century and a half, both national and international infrastructure has had
to adapt toa growing volumen traffic. Between the start of the nineteenth century and the end of
the twentieth century,numerousbridges have been bitiacross the globé¢o facilitate this increase
While manyof these bridges have since been demolished, replaced or abandorest,are still in
operation The majority obridges are designed for a service lifetime of 75 to 100 years. Given that a
largequantity of the bridges that still perform their function today are built in a period between the
1880s and 1960s, a lot of them are approaching the end of their design lifelimerefore, it is
important to know how much longer these ancient bridges m@main operational in order to avoid
catastrophic failures.Through remedial works, which often include maintenance, repair and
strengthening interventions, their lifetime can be extenddd. the majority of instances, this
necessitates extensivealculaton and complex analgs. Such analyses, which aim to capture both
the global behaviour of the structure, and the localized behaviour within the structural connections
are often significantly more advanced than is commonly practiced in design officesgimgering
firms.

The most common way to fabricaggructural metallicconnections before the 1950s, was through a
process called hot rivetingdowever,the rise of bolting and welding has relegated the riveting
method to obscurityOnly a limited numbepnf construction companies are still able to perform this
technique and onlyfor remedial works. This means that, while a significant amount of research has
been done on riveted connections and structures, many theoretical and practical issues remain
either unanswered, or answered unsatisfactorily. Many research studies limit themselves to simple
connections; connections that are applied in practice only to a limited degree, and often as part of a
bigger element. As a result, when assessing the remainingtatal integrity of these older bridges,

an engineer igsegularlylimited to simple hand calculations, which require a lot of assumptions on
for example the force distributions within a joint, resulting in fairly conservative calculations.
Moreover, the recalculation of bridges often raises concerns pertaining to fatigue, as it is a
phenomenon that was unknown at the time of constructid@imilar to structural investigations
most fatiguerelated studies of riveted connections focus on simple cotioes, meaning they are
limited in their applicability to practical challenges. Overall, a more complete overview cftdtie

and fatigue strengtlof riveted connections is required.

As the issue of remaining life of ancient bridges is being tacklederNetherlands, the lack of
information andnormative guidelineshas become more apparenin example of thisslv-L Y ¥ NJ Q a
recalculation othe John S. Thompsonbridgehich islocated near GravéVhile the static resistance

of the bridge was assessed, nyasimplifications were used to estimatiee behaviour of the joints
resulting in very conservative calculatiofrthermore, given the complexity of the joints, which
commonlyconsist oftens of individual plates and hundreds of rivdisinfra has lef the assessment

of the remaining fatigue lifeof the joints out of the scope entirely

1.1. Current state of research and research gap

Although riveting has become largely obsolete and is no longer being used as a construction
technique considerableresearch has been done on the strength and fatigue resistance of rivets. In
LJ- NI A Odzt I (RQH4) hist@rita$ andlySi€ én the riveting process stands out as an excellent
source of general informatiomMany individual factors related to the strength of riveted connections
have been researched and described in this work. Studies on material properties and geomet
parameters, such as rivet dimensions and joining typology, have shown to be crucial to the strength
of connectiongSchenker, Salmon, & Johnston, 1988iye, Gallegos Mayorga, & Plu, 200\Whik



the individual effects of these factors have been studied fairly extensively, studies concerned with a
multitude of factors, assessing possible interaction between different factors, are limited.
Furthermore, given the manual labour involved in constingtancient metallic bridges, they are
prone to imperfections. Both of these issues are particularly relevant in reassessments of steel
bridges, which often contain incredibly complex joints and tend to result in a large amount of
uncertainty during (re)daulation.

Beyond thestatic strength properties of riveted connections, fatigue is a relatively newly discovered
issue that many bridges face. Given its recency, designs that account for fatigue have not been
considered until after riveting hatbecome a largely obsolete method of construction. Several
studies have looked at the fatigue resistance of rivets and riveted conne¢Boiiweiler, Smith, &

Hirt, 1990)(Bertolesi, Buitrago, Adam, & Calderdn, 20@l Jesus A. M., et al., 201but they face

the same problem that studies looking at static strength of riveted connections face: practical
examples of riveted connections are often far more complex andmpass significantly more
issues than can reasonably be represented by a single sti@yresult is that modern day standard

for the reassessment of riveted bridges, sadEN 19931-9 (2012)and RBK Ste¢P017) primarily
provide solutions for fatigue problems in riveted connectidies standard cases, which cannot be
easily adapted to more complex connectiofarthermore,the few detail categorieprovided by
these standards with which fatigue assessments are performémtus primarily on buitup riveted
crosssections rather than the often far more complex riveted joinBespite the efforts of several
researchers to expand on the current standsfe.g.Taras &reiner(2010) Pedrosa et a[2019)or
Gallegos Mayorga et af2016), a major gap in the knowledge on how riveted structures behave
undercyclicloadingremains

1.2. Problem definition

It is problematic that,even thougha lot of traffic bridges are reaaiy the end of their design
lifetime, there is nodefinitive method to investigate theemainingfatigue life of complex riveted
jointsin such ancient bridge$Vhile general cases can be investigatéds imperative to find a more
overarching method thatvith which a multitude of influential factors can be asses$&eyular, hand
calculation methods often fatb incorporate a complete set of factors, or at the very least, a set as
complete as possible, resulting in calculations that either may not be representative for complex
connections or may lead to overly conservative assessmBetser and more completenethodsof
ascertainingthe fatiguelife of riveted joints need to b@rovided in order to potentially cut down
significantly on both the conservativeness of calculations and time required for reassessments while
still ensuringboth accurate and safe re#ts. Furthermore, these methods should be applicable by
non-research driverinstitutes, like engineering firms, so thegn be applied in practice

1.3. Research objectives

The aim of this study is to developstrategy that can be applied to complexeted connections
with which the fatigue assessmenain be performedThrough the literature review, thdifferent

factors that may influence the resistanoé riveted connectiondo static and cyclic loadsan be
investigated Furthermore,the availablemethodsused to assesshe fatigue of structural riveted
connectionsneed tobe outlined, both conventionabpproachesrescribed by standardas well as
more advancedapproachesToapply the differentapproachesa detailed Finite Element model af
riveted joint needs to bedevebped.Finally, the different methodbave to be compared.

To complete the research objectives, the following research quek@srbeen devised

What would be a suitable approach to model complex riveted joints and asmsdatigue life
considering a balance between the level of complexity and applicability in design practice?



The following sulmuestions will be raised tfacilitate answering this question:

1) What factors can be determined to influence the structural &atijue resistance of riveted
joints?
a. What factors should be considered in the (re)calculation of riveted metallic bridges
2) What methods are currently available to determine the structural and fatigue resistance of
riveted connections?
a. What methods are prasibed by the standards to be used in practical examples of
(re)calculations?
b. What non-standard, advanced methods are available for the fatigue assessment of
riveted joint?
3) Whatdesign choices andhodelling technigues need to be employé&al ensure the results
from a detailedriveted jointHnite Hementmodelare valid?
4) How do the methods prescribed by the standards compare to the advanced assessment
methods?
5) What are the advantages and disadvantages of the different methods considestdjrb
terms of accuracy and complexity of use?

1.4. Reportoutline

Report outline
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Figurel: Structure of the report

The following chaptepresents the literature revieywhich d@tempts to offer relevant background
information andshowcaseprevious studies performed on the togicelevant to this reportit covers
the properties of rivets individually and riveted connections as a whole. Itra¢gdights available
assessment methods for thénvestigation of the structural and fatigubehaviour of riveted
connections. Furthermore, several case studies are presenié@ first case study covers the
recalculationon strengthof the John S. Thompsonbridgerformed bylv-Infra. It elaborates orthe
steps taken to evaluate the joirgind illustrates some ofhe issues encounterevhen reassessing



old bridgesFinally,the other two cases relate to the assessment of riveted connections using Finite
Element Analysis.

Thethird chapterdescribes thanethodology used to answer the research questions posed in this
report. Several reference models based on ttase studies are constructedth ABAQUSThrough

the adaptation of the findings in these reference models, an advanced Finite Element maoadel of

of the complex riveted joints from the John S. Thompsonbridge is creBiégrent methods to
perform fatigue assessment as described in the literature are applied, utilizing results from the
bridge joint model Their results are compared through epie fatigue lifecalculation It also states
limitations of the adopted methodology.

Chapter four introduces the Finite Element modelliBgme background information of modelling in
ABAQUS is providedt presents the reference models made replicate the case studies and
investigates the assumptions and modelling decisions that need to be made to derive accurate
results from a detailed Fite Element modelThe parameters and inputs required to generate the
bridge joint model are described. Finally, it elaborates on the process of automatic model
generation which is adopted in the generation of the bridge joint model

Chapter five presentshe results gathered from the bridge joint model. Highlights important
locations in the modeland provides inside in the forces, stresses and strains acting on the models.
Furthermore, a simple validation of the output forces is made based on-bahbdlatiors and the
results fromthe existing Finite Element model bylhfra.

The sixth chapteapplies the differentatigue life assessments methods presented in chapter two to
the bridge joint model, based on the results gathered in chapter fiveompares standardized
methods to nonstandard advanced method# simple fatigue life calculation is performed with
eachof the investigated methodsand their results and ease of use are discussed.

The concluding chapteranswers the research questions based on tesearch performed in
previous chapters. Additionally, it offers recommendations for future studies oroibie.



2. Literature review

2.1. Riveting process

While in the current day and age welded and bolted connections are the most prevalent means of
construction of steel structures, this has not always been the case. Starting in the 1860s, and all the
way up to the 19B8s, almost one hundred years later, riveting was the most common way of
connecting structural steel elements. Before the 1860s the application of rivets was limited due to
the brittleness of cast iron, which was vulnerable to the repeated hammering dbyiteat as the
techniques of production improved and quality increased, culminating into the creation and
application of wrought iron and eventually steel, so did the possibility of applying rivets. Where in
the 1860s structural rivets were only used inahbridges, by the time the 1890s came around,
structural rivets were being applied almost everywhere, both in large steel bridges as well as in high
rise buildinggVermes, 2007]Leslie, 2010)This remained the case until the 1950s and 60s, when
bolts and welds started to make their advance, for their increased strength and ease of application.

Before any conclusive statements can be done on the structural behaviour of rivets and riveted
connectons, one needs to understand the riveting process and the effects it has on rivet behaviour.

Structural rivets, in their uninstalled (undriven) form, are formed from a solid cylindrical iron or steel
bar, the rivet shank, with one end usually crushed iatspherical head, commonly referred to as

the shop head. The crushing of the shop head is usually done by the manufacturer, within a factory.
The opposing end of the rivet, the field head, similarly to the shop head, is made through crushing of
the shank However, this is not done until the plates that need to be joined, also referred to as plies,
have holes drilled or punched into them, to fit the rivets. Once these holes are present, the rivet is
stuckin, and the field head is formed. This can be deaier on site, or again, within a factory in

the case of predesigned elemenEgure2 displays the geometrical parameters of a rivet, with:

- das the shank diameter;

- Das the head diameter;

- has the head height;

- Ras the radius of curvature of the head;

- eas the thickness of a plate;

- g as the grip length, the combined total thickness of the plates through which the rivet is
driven;

- pas the rivet pith, the distance between rivets;

- lastherivet lap, the longitudinal distance between the rivet and the end of a plate;

- vas the edge distance, the transversal distance between the rivet and the end of a plate.

Shop

|
Protruding head | | - @ O ¥
| \ ; 5 |
end ]
| | y
| |

Figure2: Geometical parameters of a rivgColette, 2014)



The riveting process can be done through-hmt coldforming. Thighesisfocuses on haforming,

as coldriveting was generally unsuitable for structural application. Construction of a riveted
connection throughhot forming either on site or in a factory, requires an entire team of riveters.
The first step in this process is already mentioned and requires the plates to be fastehasle

holes punched or drilled to the appropriate size. Once the rivet hole is completed, the rivet stoker
proceeds to heat up the rivet to between 98D and 1100°C, which on site, without proper
measuring equipment, related to a chemyd to white-hot colour of the rivet. Subsequently, the
rivet passer tosses the rivet to the rivet catcher, who, equipped with tongs, places the rivet in its
designated hole. The holden then keeps the rivet in place, while the riveter repeatedly hammers
the protrudingrivet shank to form the field head. This hammering was initially done manually, but as
time progressed, this would be taken over by a riveting machine, which could be powered by steam,
hydraulic or pneumatic energy. The complete group of riveters resplenkib the riveting process
would be called a rivet gar(@olette, 2014)

2.2. Properties of a riveted connection

2.2.1. Structural behaviour

There are two ways to consider th —
structural  behaviour of a riveted 4] N
connection Figure3). Due to the fact the L/2= : [T —
rivet is heated as it gets placed in th [ /2 < , ' [
plates, and the subsequent cooling dowi 1
the shank of the rivet shrinks '
longitudinally. As a result, the rivet head ‘
exert a transversal force onto the plates

the clamping foce, squeezing them P
together. As long as the tensile forces c L/2 <t 5 ?‘?
the plates do not exceed the frictiona | — ; — |
resistance of the connection as a result « /2 <= : =

these clamping forces, the connectio .

performs as a frictiostype fastener. This Figure3: Transition of loading of plies from frictioftop) to
means the rivets act similarl to bearingtype (bottom) fastene(Akesson, 2010)

prestressed higistrength bolts, preventing the connection from slipping.

Once the frictional strength is exceeded by the loads acting on the plates, the connection starts to
slip. As soon as this happens, the connection turns into a betyp®yfasener, where the shear
loads are transferred through the shank of the rivet onto the plates.

The fact that riveted connections act as a beatyjge fastener is observed through the different
failure modes that are commonly observed in such connectiongreTlare four main failure
mechanisms in riveted joints subjected to shear loads, none of which are defined through the
frictional resistance of a joint. The first failure mode though, grip crushing, is related to the clamping
force. Grip crushing occurs wh the clamping force applied by the rivet exceeds the yield strength
of the plies, resulting in the deformation of plies in transversal direction. It often occurs when the
ratio between the thickness of rivet shank (d) and plate (e) is too excessivecr@ipng can easily

be avoided by taking an appropriate dfatio in the design of a joint, and thus has conditioned the
design of all riveted connections, regardless of the used design méQuidtte, 2014)

The three otherfailure modes are affected by the design of the connection and occur due to shear
loading. Plate tensile failure is defined through the rivet pitch and the edge distance, as well as the



ultimate tensile strength of the plate. Exceeding the plate tensitéstance results in the tearing of

the plate along the line of rivets. Rivet shear failure is dependent on the ultimate shear resistance of
the rivets, as well as the shear planes defined through the thickness of the shank. If this failure mode
occurs, therivet shears due to the tensile forces exerted on it by the plates. Finally, plate bearing is
characterized by the ultimate bearing resistance of the plate, on top of both the rivet lap and the
d/e-ratio, similar to grip crushing. If it occurs, the rimtloé rivet holes gets crushed by the pressure
imposed on the plate by the rivets and vice veiBablel illustrates these three failure modes.

Tablel: Failure modes riveted connectiffwelvetrees, 1900)

Plate tensile failure Rivet shear failure Plate bearing failure

e

I —
e —

While the overall structural behaviour of a riveted connection is affected by both its frictional and its
shear and bearing resistancgsire, Gallegos Mayorga, & Plu, 2QiB)modern day calculations the
connection is only awsidered to be a bearintype fastener. There are two main reasons why this is
the case. As mentioned, it is a known phenomenon that the frictional strength is not a governing
factor for the ultimate structural behaviour, even though the shear behavioyraves slightly
when the frictional strength increas€$welvetrees, 1900)Secondly, the frictional strength is, aside
from being a complex and not entirely understood mechanic, also incredibly variable. A large
number of varables affect the frictional strength, and the precise effect of these variables is often
tough to quantify (Colette, 2014) In some cases, even the variables themselves are tough to
guantify, let alone their impact.

Some of thefactors affecting the frictional strength and ultimate strength of riveted joints are
highlighted below(Colette, 2014)

- Mechanical properties of the rivet bar.
The most straightforward factor is the properties of the riveelf. In general, usage of steel
and highstrength steel results in higher ultimate tensile strength, ultimate bearing strength
and clamping forces than usage of (wrought and/or puddle) iron does. Even within iron rivet
bars, there is a large variabilityf anechanical properties, due to naronformity of
manufacturing processes or wildly different chemical compositions.

- Shank diameter.
Tensile tests on wrought iron and steel b@@'Sullivan & Swailes, 20083ox & Munse,
1952)have shown that a decrease in shank diameter yields an increase in ultimate tensile
strength, albeit a small increase!Sbllivan and Swailes suggest the reason for this, at the
very least in wrought irormay be due to an increased number of hot workings on the bars.

- Rivet heads.
Rivet can have a more round head (round snap head, higherdii® compared to the
standard shop head, or a flatter head (button head, lower-rdo). Too small h/Batios
maylead to a decrease in ultimate tensile strength. This means that failure of the rivet head
could be used to define the ultimate tensile strength of a rivet. Applying standardized h/D
ratios will prevent the failure of the head under normal circumstancdgt Baid, both
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manufacturing and driving errors that result in a misformed rivet head could affect both the
ultimate tensile strength and the clamping force of the rivet.

Heating temperature.

The temperature at which rivets are driven has a positive effecthe yield and ultimate
tensile strength of rivets, as well as the ductility. Overheating however, for example to
increase the ease of driving, will reduce the ductility and increase brittleness.

Soaking time.

Cox & Munsg1952)state that the time rivets are soaked affects their properties, wvath
smalldecrease in ultimate tensile strength at increased soaking times.

Driving technique.

D'Aniello et al(2011)have found that the bt-riveting process increases the ultimate tensile
strength of a rivet by up to 20%. Additionally, the upgrade from haweting to machine
riveting, aside from its positive effect on time consumption, also has a positive influence on
the frictional and ltimate shear strength(Schenker, Salmon, & Johnston, 1954)
Furthermore, there is an increase in ultimate tensile strength when using a hydraulic
hammer compared to a pneumatic hammer, and when using a pneumatic hammer
comparal to a manually operated hammer.

Joining typology.

The typology used to create a connection has an effect on the shear behaviour of said
connection. The most common means of connecting are either tapbutt spliced
connections, in which lap splices comh&évo members directly to each other, whereas butt
splices apply one or two cover plates to connect the members. Application of lap joints
subject the joint to eccentrically applied loads, introducing additional bending moments. In
the same manner, the gsmmetry of single lafand butt joints introduces additional bending
moments. In general, achieving symmetric loading through the application of double butt
splices yields the best results

It was also common practice to apply filler plates to joints whé gplices did not line up
properly. While, as far as the author can tell, no research has been conducted on the effect
of filler plates on riveted connections, there are studies on tsghngth bolted connections

that suggest filler plates may have a agége effect on the capacity of a connecti(Dusicka

& Lewis, 2010jMoriyama, Takai, Yamaguchi, & Kozai, 2020)

Rivet pattern and spacing. CONVERGENT
Obviously, multiple rivet lines and rows affect th Al ZeHe  EEES
load distribution within a connection, where eeq[e o ¢ |/ °"

multiple riveted splice connections generall sedles & {4 22

perform better than single riveted splice
connections. Additionally, applying rivets in lines LAP JOINTS

opposed to rowsallows for a more optimal use ot BUTTJOINTS

the net section of the plates, increasing th soilses
ultimate strength of the joint. 'YEXEAEX X
In addition to individual spacing betwas rivets and 994 909
edges, two commonly adopted rivet patterns ce ool eoe
be distinguished: chainand zigzag patterns (set ::: .’...'
Figure4). In general, chain patterns germ better

than zigzag patterns, as per De Jor(@645) In CHAIN ZIGZAG  CONVERGENT
particular thg conv.ergent. zigzag patterns pgrforragure‘k Common rivepatterns(Colette, 2014
poorly, despite being universally accepted in the

civil engineering industry in the early 1900s. While th#eo rows of convergent joints do
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maximize the net section of the plates, a significantly larger amount of shear load is
concentrated in relatively fewer rivets, possibly resulting in the failure of the outer rivets
before the maximized net section evenmnges into play(Davis, Woodruff, & Davis, 1940)
This failure of outer rivets before the inner rivets reach their full shear capacity, called
unbuttoning, can happen in all multiple riveted joints, busignificantly more prevalent in
convergent joint configurations.

G/d-ratio.

It is possible to design a plate such that it can be divided over several strips of equal width,
each of which has a hole in the centre. The width of these strips is referredtte agpmge

(G). The efficiency of a joint is defined as the ultimate strength (either in bearing, tension or
shear, dependent on the governing failure mode) of a perforated plate as a percentage of
the ultimate tensile strength of an unperforated plate. Aaoting to Schenker, Salmon &
Johnston(1954) a relation between the efficiency and the Gfatio of a joint can be noted.

It has even been shown that, for small values of G/d, it is possible to exceed an efficiency of
100%, creating a situation in which ultimate tensile strength of net section of the perforated
plate is larger than the ultimate tensile strength of an unperforated plate.

Shank upset.

The upset of a rivet, or the degree to which the shardeif®rmed to fill the rivet hole, is the
upset. Improper upset means the shank is not properly in contact with the plies, leading to
smaller contact areas and thus higher shearing and bearing concentrations in the shank. The
three main factors affecting thehank upset are the grip length, the driving technique and
the driving temperature. In general, clearances between shank and plies are more likely to
occur at the centre of the shank and near the shop head. A larger grip length often results in
more areaswith clearanceigure5).

oy SR T SHOP HEAD

18 :
2
3

-"514’
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- s

< 1 ]4'0 mm S

Figure5: Superior upset near the field head in a lgugpped rivet(Frémont, 1906)

Additionally, machine riveting positively influences the upset of the shank when compared
to hand riveting, by the ability to compensate for installation errors such as insufficiently
tightened plates and misaligned rivet holes. Simyladriving rivets at the appropriate
temperature positively affects the shank upset, whereas too low temperatures result in
improper filling of the rivet holes.



- Grip length.
As mentioned, the grip length affects the upset of the shank, which in turn affénet
shearing and bearing capacity of a riveted connections, with better performances for shorter
grip lengths. On the opposite end of the spectrum, grip length is one of the most influential
aspects of the onset of the clamping forces, but they have ieend to increase for larger
grip lengths, reaching the level of yield stresses at grip lengths exceeding 1(®/itzon &
Thomas, 1938)Additionally, larger grip lengths have a positive effect on the scatter of actual
clamping forceqLeonetti, Maljaars, Pasquarelli, & Brando, 2020)

- Protective layers.
Protective layers such as certain paints may affect the friction coefficient between the
plates.

Unfortunately, the precise quantifications of theegactors are often unknown, especially without
detailed (chemical) analyses and (destructive) testing of the rivets. Additionally, ebeoriétically
the exact background details of the rivets were knouwntonsistencies and human error always
remain as an unknown.

2.2.1.1. Strength assessment of riveted connections

Initial designof riveted structures was largely based on empirical methods, stemming from the
original use of rivetsboiler work As time went onmore analytical methods were devised as well,
rooted in mathematicalmodels (Colette, 2014) However, a complete picture, involving the
complete understanding of most, if not all, factors was never reached.

As a result of the wertainty of some of these factors, the modediay standards for calculations on
the static structural behaviour of riveted connections are based on several assumptions. These
assumptions are as followEN 19931-8:2007, 2007)

- The rivet shank completely fills the rivet hole after driving;

- The contribution of frictional strength can be neglected,;

- Riveted connections behave in pure shear/bending;

- Applied loads are uniformly distributed within the rivets of a given joint.

Given thes assumptions, the design calculations on riveted connections largely follow the same
principles as bolted connections. Partial safety factors are the same as those for regular bolts. The
design shear, bearing and tensile strength of rivets are defineordicg to Table2. The presence of
combined shear and tension is assessed the same way one would assess it for bolts.

Table2: Design resistances bolts

Failure mode | Shear Bearing Tension
z'0 z B Oz z'0z'0z ¢ Wz "0 z 9
Formula o Tt rQ 0 O Qz| : Qz'Qz 0 o TP rQ 0
Variables fo = tensile strength ki and hy follow the same| See shear failure
rivet definitions as for bolts and ar
Ao = rivet hole area dependent on the rivet
spacing
fu = tensile strength plate
d = rivet diameter
t = thickness plate
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In certain cases, additional reduction factors may need to be adopteshefstioned in the previous
section, the presences of filler plates may have a negative effect on the design strength of the
connection. With limited research on the effect of filler plates on riveted connections, the same
formula for bolts can be adapted tavets. Therefore, if the thickness of the filler plaig(éxceeds

one third of the rivet diameter (d), the following safety factor is adopted:

JQ oo
Similarly, both bolted and riveted connections require anitddal safety wherexceptionally long
connections are applied (seEigure 6). Given the fact that it is not uncommon for riveted

connections to const of large rows, this factor often needs to be taken into consideration. If L
exceeds fifteen times the rivet diameter, safety factoris adopted:

f

0 pyrQ, . . i
I p R we @ v T P

Eq.2

Figure6: L in long lap or butt joints

In addition to this, EN 1998-8 and the Dutch National Annex state some minimum requirements on
newly built riveted connections. New rivets must be constructed of S235 steel. When applying S235
steel, the value 4 can be taken as 400 MPa. Furthermore, to limit poor shank upset, the grip length
must be limited to 4,5d or 6,5d for hammered and pressed rivets respectively.

However, it should be noted that the application of new riveted connectionsoimstructions is
largely obsolete. Most calculations on riveted connections are related to reassessments of
structures, rather than new structures. This means that, as addendum to EN11®9% the
Netherlands, it is not uncommon to take RBK Steel {lgiein Beoordeling Kunstwerken) into
consideration. This document is to function as the basis for NEN 8703, which is a guideline to be
added to the NEN 870€eries on reassessment of existing (steel) structures. RBK Steel, rather than
taking S235 as baseaterial, provides an overview of historic guidelines and their assugé&caind

fur for iron and steel types that are no longer applied. Another requirement imposed by RBK Steel
states that, when reassessing rivets, they cannot be taken as loadbewnieig a shift of the rivet

can be observed, or when severe corrosion damage is present. Finally, RBK provides the spring
model, a model that can be used to derive the load distribution in multiple riveted connections.

2.2.2. Fatigue behaviour

Fatiguefailure of steel members is a phenomenon that has only relatively recently been more widely
discussed and understood, with some of the earlier studies dating to well within the@6tury.

This means that many bridges, and in particular the older bridg&gnating from before and
around the 190@mark, have not been designed with fatigue resistance in mind. Therefore, when
reassessing a bridge, the remaining fatigue life needs to be taken into consideration.
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Despite the fact that riveted connections geally perform well under cyclic loads, fatigue failure
accounts for a major part of the failure of metallic bridges, because riveted bridges are often
somewhat overdesigned for the (static) design loads, especially for the degree of loading at the time
of construction, while at the same time not being designed for fatigue. Part of the reason that
riveted connections perform well under cyclic loading is due to the clamping stresses on the plates
imposed by the rivets. Higher clamping forces in the connedclmw for more of the applied force

to be transferred through friction, reducing the bearing forces on the rivet and thereby the stress
concentrations at the notchef_eonetti, Maljaars, Pasquarelli, & Brando, 20@®iedel, Sieber, &
Flederer, 2021)as well as the resulting stress rangés mentioned in Chapte2.2.1, clamping
forces are wildly variable nal dependent on a lot of variables. Zh(994)has found average values

for the clamping stress to be around 84 MPa, but with a standard deviation of almost half of that
value & 41 MPa). Similar values have been found Leonetti et al(2020F ¢ K2 Q@S o6 aSR
research on rivets with a grip length/diameter ratio of close to unity, ranging from 60 MPa to 100
MPa for 3 and 2 plates respectiveiowever, as illustrated by the largéasdard deviation, een

within the same structure, large discrepancies can be observed. Aside from the clamping forces,
while it isa dominant feature of fatigue resistance, there are several other factors affecting the
fatigue resistance of a riveted coection(Taras & Greiner, 2010)

- Material properties.
Similar to the static behaviour of rivets, material properties affect the response to cyclic
loads. It is generally accepted that older irand steel types perform worse than newer
materials do.

- Stress Range.
The effect of stress range is fairly sexplanatory, rooted in the basis of fatigue calculations.
In general, under larger stress ranges, specimens fail after fewer cycles.

- Stress Ratio.
The stress ratio is defined as the ratio between the minimum and the maximum stress acting
on an element, usuly ranging from1 to 1. As the value of the stress ratio decreases, the
number of cycles that can be withstood increagiéamar & Singh, 199%Maddox, Gurney,
Mummery, & Booth, 1978) This stressatio,
although still influential, has less of an impact
welded connections, due to their large tensil
residual stresses, which are not present
riveted connections. It should be noted
however, that while the relation established b
Taras & Greineis generally accepted, it appea
that it cannot be correlated directly to all rivetec
assemblies and mayequire further research
(Sire, Caiza, Espion, & Ragueneau, 2020)

- Degree of bearing pressure.
This factor is more of an extension to the effe
of clamping force, rather than an influence b
itself. Reducing the bearing pressure in riv
holes, decreases the stress concentrations Figure7: Fatigue cracking on either side ofarlw

(Vermes, 2007)

and around them. Therefore, when little to nc

shear forces are transferred by the rivet shank onto the walls of the rivet hole, the

specimens are less prone to fatigue than when larger shear forces are wmausfevhich

require transfer through the rivet shank.
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- Imperfect driving.
Wyly and Scot{1956)have found that improper punching or drilling of rivet holes during
erection may result in initial nicks or cracks, which sahsequently lead to fatigue failure.
Similarly, eccentric bearing of a rivet can result in premature fatigue failure.

In testing, fatigue failure can be defined as the complete severing of aseatisnal component of
an element by a fatigue crack amdhother crack has appeared in a secondary elen{BiBattista,
Adamson, & Kulak, 1998aker & Kulak, 1985By the time this complete severing has occurred, it
is hot uncommon for an additional cratlk have formed on the opposite end of the element (see
Figure?).

In addition to the general factors mentioned above, it should be noted that thezedifferent forms

of fatigue failure, as the failure can occur in either the connecting or the connected elements, these
being the rivets and plates respectively. In the overwhelming majority of cases, the first cracks in the
case of fatigue failure wilbccur in (cover) plates, with cracks originating from the rivet holes.
However, it is possible for the rivets to fail themselves, often resulting in the popping off of the rivet
head, which in the calculation of connections is assumed to result in a etaripks of function of

the rivet(RBK Staal, 2017)

2.2.2.1. Fatigue assessment of riveted connections

Detail categories in standards

As mentioned, fatigue is a relatively new aspect of structural design. This, in combination with the
fact that riveted designs are, in general, no longer being applied in practice and have not been for
several decades, the actual standards on the fatigue of riveted connections are somewhat limited.
EN19931-9 (2012)and the Dutch National Annex define just two fatigue clagkas can be used in

a nominal fatigue approadseeTable3).

Table3: Riveted fatigue classes as defined in EN 11993

Detall Detail Description
category
70 Riveted connection with singlsided

gusset plates.

90 Riveted connection with doubisided

gusset plates.

Similar to the structural strength of rivets though, RBK Steel provides additional information on
riveted connections in the case they need to be reassessed for their fatigue resistance. RBK Steel
redefines the two detail categories from EN 1989, and epands on them, resulting in a total of
seventeenseparate detail categories. These are showAimex A The SN curve of each of the

detail categories follows theame shape as the fatigue curve for shear stress intervals as taken from
EN 199319 (seeFigure8), with m = 5 and the detail category at location 1, although feetsi it is
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applied to normal stress intervals rather than shear stress interWids. corresponding formula is
given byEg 3, wheren Mis described by the relevant detail categoltyis quite evident that these
detail categories are largely based on the aforementioned work by Taras & G20i€)

w 0 @ ?¢zpvwe for0 pm Eq3

1000 +

00 4

10 ' ' ' !
1.0E+04 1.0E+05 1.0E+08 1.0E=07 1.0E+08 1,0E+09

Figure8: Fatigue curve for shear stress intervals

Additionally proposed detail categories

On top of these detail categories, recent studies by several researchers on ancient French and
Portuguese bridgs have suggested that the detail categories proposed by Taras & Greiner and
subsequent adoption of them by RBK Steel may not be sufficient in providing a proper
representation of the actual-H curves for said bridges, in particular in the higile fatguedomain
(Gallegos Mayorga, et al., 201@Pedrosa, et al., 2019)Additionally, these studies provide
suggestions for -8l curves and the resulting detail categories that may more accurately septe
connections from such ancient bridges. It should be noted though that their work is not perfect (as
acknowledged in their reports), and as opposed to the different detail categories defined by Taras &
Greiner and RBK Steel, multiple loading situatemd joining typologies are combined into the same
SN curves.

Gallegos Mayorga et g2016)have looked at several specimens of puddle iron connections as taken
from ancient railway bridges. In particular, single riveted lap joints, single riveted butt joints and
double riveted butt joints have been observed. Following the tests conducted e thigecimens,

they have compared the results to the known detail categories. It has been concluded that the detail
categories adopted by the Eurocodes may not provide an adequate lower boundary. Taras & Greiner
have provided a better -8 curve, but higkcycle fatigue remains inadequately represented. The
lower boundary (95% confidence intervalNSurve proposed by Gallegos Mayorga et al. assumes

n ¢=51,7 MPa and m = 3,Bigurel10), and more accurately represents the fatigue data of riveted
connections.
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FigurelQ: Fatigue data and possibleNscurvegGallegos Mayorga, et al., 2016)

Pedrosa et al(2019) have conducted aimilar study, taking samples of riveted connections from
ancient railway bridges and subjecting them to fatigue tests. Similar to Gallegos Mayorga et al.
(2016) single riveted lap joints, single riveted butt joints asmlible riveted butt joints have been
observed. While Pedrosa et al. have made a distinction betweenalag butt connections, no
difference has been established between cracking in the middle plate or the cover plate (for butt
joints) in the SN curves.Additionally, only transversal cracks have been observed, meaning
additional research on longitudinal crack may need to be performed. The suggelstedr8e for lap

joints followsn c¢= 55 MPa and m = 6, while thebS OdzNIIS T2 NJ 0 dzid 1072MPA ¥ (i &
and m = 10. 8l curves are shown fRigurel2 and Figurel3.
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Figurell: Example geometries of tlsngle riveted lap and butt joint observed by Pedrosa €2all9)
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400 + Single Shear riveted connection 400 +~ = Double Shear riveted connection
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Figurel2: SN curve lap joint¢Pedrosa, et al., 2019) Figurel3: SN curve butt jointgPedrosa, et al., 2019)

Damage calculation

The purpose of finding the detail category of a certain bridge component, section or connection, is
to assess the remaining fatigue life. There are two general ways to determine the remaining fatigue
life of riveted structures, both of which largely follothe same procedure as for regular steel
structures. EN 1993-9 (2007)adopts the damage accumulation method using Paimgrehy S NI &
Rule. This method requires knowledge on the (representative) stress history of a gtednldising

this history, all stress ranges can be found. Finding the total number of times a certain stress range
occurs, and the maximum number of times this can occur without failure (based onNheugres),

yields all data required to implement inRalmgrera A Y S N & EGE4R N dzf | 0

) 3
O — Eq.4
0

In this formula, D represents the cumulative damage number, n is the number of different observed
stress ranges throughout the stress historyjsnthe times a given stress rangeccurs within the

stress history, and iNs the number of times the givestress range can occur until failure occurs,
according to the detail category. On& pf, the observed structure is considered to have failed
under fatigue loads. It should be noted that RBK Steel assumes an additional condition on riveted
connectionsconsisting of materials used from before 1965. This condition, O , is dependent

on the applied steel type, and the acting tensile stresses in the observed plate in ultimate limit state
(» ). Tabled represents the value R, where intermediate values for 7'Qmay be interpolatedif

the initial conditionO ph is abided, but D exceedsi) additional material tests need to be
performed. These material tests may allow for the additional conditionig@t®be neglected.

Table4: Value for Iy

f,= 235 N/mmi f, = 355 N/mnd
” TQ Dim ” TQ Dim

0 1 0 1

0,2 0,95 0,2 0,95
0,4 0,90 0,4 0,90
0,6 0,85 0,6 0,85
0,8 0,80 0,8 0,70
1,0 0,65 1,0 0,50

2.2.2.2. Alternative approaches and considerations for fatigue assessment

Local straiflife approach
Rather than using the stredife curves to assess the fatigue life of a structure, which is limited in
applicability, other methods can be applied to model the crack initiation phase. One such method is
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through Local Approaches to fatigue. This methodifas on local or notch stresses or strains in an
element. One of the biggest advantages of this method is that plastic strain as a result from elevated
stress concentrationse(g., near notches), which lead to crack initiation, can be taken into
consideraion, resulting in a more accurate representation of the response to cyclic loading and the
remaining fatigue life.

Strainlife methods are based on the true stresses and strains. When a specimen is loaded in tension,
it increases in length. However, as thelume remains unchanged, the area must decrease. The
difference between engineering stress/strain and true stress/strain lies within this fact. Engineering
stress and strain are based on the original dimensions of a specimen, whereas true stressiand stra
account for this change in dimensioriBhis means thaengineering stress is calculated using the
original area of a specimen, while true stress is calculated using the actual area. The result is a
difference in stresstrain relationship (sed-igure 14). Engineering stresses (and strains) usually
decrease once necking of a specimen occurs. True strains are measured using a strain gauge, and
true stress will increase until failure occurs (at fracture stress and straiand ¥; respectively)
(Fatigue Theory Reference Manual, 200R)characteristic of arue stress/strain curves that it

should not have a negativ@ope, something the engineering stress/strain curve does have.

S g q

|
-lr

e E

Engineering stress-strain True stress-strain

Figurel4: Conventional tensile test displaying the difference between engineering and truesstedsselationgFatigue
Theory Reference Manual, 2002)

True strains act logarithmicallyyhile engineering strainbehave linearly. In the elastic region of
materials, at low strainsthe curves are nearly identical, while at larger strains they diverge
significantly. Converting engineering strains and stresses to true strains and stresses is fairly
straightforward. The following analytical formulae are generally accepted to represent this
conversion in which the t and esubscripts represent trueand engineering stresses/strains
respectively

Eq.5

- aip - Eaq.6

In order to properly represent both the elastic and plastic respafs& material, a definition of the

total strain is requiredRamberg and Osgood943)have proposed the following relation for the
G2d0Ff aGNIXAyYysx O2yaradiAiyda 2F |y StradgAaAo yR |
modulus and K and n are the strain hardening coefficient and exponent respectively:
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” ” Eq7

This formula only describes a monotonic curve though, a true strain curve as a result of a single load
application. Fatigue is related to the cyclic loading of elements. If yielding occurs at each of these
load applications, atressstrain hysteresis loop is formed as the material response. According to

alaiAy3aQa KelLRiKSaAasx GKAA KeadSNBaraa t22L) Oy

wn q)n o
w- — ¢ == Fa.8
@] qu

This hysteresis loop may (initially) be unstable, as a result from hardening/softening of the material,

resulting in increasing or decreasing stressponses respectively. In general, after a certain number
of cycles, an equilibrium will be reached, staiig the hysteresis loop.

[+ (4] (4]

3 / £ // 3
_

Figurel5: Hysteresis loop showing the cyclic behavasuplotted in a stresstrain graph(Fatigue Theory Reference
Manual, 2002)
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Figurel6: Gyclic hardening until stability

While different strain amplitudes may produce a differently sized hysteresis loop, the tips of each
loop should correspond with a point along the cyclic stgsain curve Figurel?).
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Figurel7: Tips of hysteresis loops going through the cyclic stteas curve

The relationship between truelastic stress amplitude and endurance (which is expressed in half
cycles or reversals, denoted asi2Nas been first proposed by Basq®10)and can be plotted as

a linear relation on log-logio axes EQ.9). Similarly, Manson and Cofffh954)have found a linear
relation between the true plastic strain amplitude and the endwa on log, axes Eq. 10).

I RI LJG A y 3 equdticn lfodsthaiyi @nll taking the superposition of both equations, the stifen
relationship can be constructedq.11). The resulting straHife relationship is shown ifrigurel8.
Note that in each of these equations, the streasd strain amplitudes are given, rather than the
stress and stria themselves.

Q, .
: » GU Eq.9
C
W " Eq.10
- - 0] .
C q
w - ”
b - b Eq.11
c © S q

The constants in these equations are all material parametersdafided as follows:

- QA GKS FIFaGAIdzS aiGNBy3adK O2STFFAOASYOT

- 0 Fa GKS FFLGATdzS &0GNBy3IGK SELRYSYylG o. | &ldayQ:
- 5Q A GKS FFGA3IdzS RdzOGAtAGE O2STFFAOASYHLT

- c as the fatigue ductility exponent (Coffitanson exponent);

- 9 A GKS | 2dzy3Qa Y2Rdz dza @

Ae
2

mla

Figurel8: Strainlife relation(Fatigue Theory Reference Manual, 2002)
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It should be noted that the strain amplitude is not the only factor affecting the fatigue strength. It is

a known phenomenon that specens under a zero mean stress perform better in fatigue tests than
the same specimens under a naaro mean stres€One of the earlier adaptions of the straidife
equation that incorporates this fact was proposed by Morr¢¥968) This equation(Eq. 12)
incorporatesthe mean stressn the elastic termHowever, while thisquation provides acceptable
results, it is theoretically incorrect. Modifying the elastic term by the mean stress utidjusting

the plastic term suggests that threlation between the elastic and plastic strain is affected by mean
stress. This would mean the hysteresis loop changes with the mean stress, but experimental studies
show this is not the case.

W- ” . .

< o cO - 0 Eq.12
The most common adaptation &q.11 that does account fothe mean stress effeds proposed by
Smith, Watson & Toppdl970) and assumes that rather than only strain amplitude, fétgue life
is a function of the product of the strain amplitude and the maximum strégsl@). This formula is
obtained through the fact that, atzero mean stress,, 3, 7¢. Taking this fact, and
subsequently implementingq.9 on the right hand sidei-q.13 is obtained. The one prerequisite for
the SmithWatsonTopper equation is that it becomes undefined for compressive maximum stresses.
While this may seem quite consequential, compiesscycles are often considered to be
inconsequential for fatigue damage, anduallydo not need to be considered.

w - » " " Eq.13

o q
Actual values for each of the variables should be obtained experimentally. This is particularly the
case for cast and wrought iron, which have agniform properties and may differ wildly from
structure to structure. As a result, their hysteresis loopseham asymmetrical shape and require
additional information to construct an appropriate fatigue response. For more modern and
standardized steelor aluminiumtypes, values for each of the variables should be obtained through
experiments as well, althouglif, available, previous studies can be consulted. Several methods to
approach these variables have been assessed, and the general consensus is that most methods are
able to give a general prediction, but still have a significant discrepancy between thetpdednd
actual valuegTroschenko & Khamaza, 201The most accurate methods appear to be the averaged
parameters method, the Roesskatemi hardness method and the Muralidhasistanson modified
universal slopes method. Agtitly older study by Park and Sofi@95)also acknowledges Baumel &
Seegers Uniform Material Law as an adequate approach. Their definitions of parameters for steels
are given inTable5. The reason their accuracy is limited is largely due to the fact that b and c are
considered to be constant, which does not accurately represent the actual experimental data,
though or the current approximation methods, it still provides the best overall results
(Niederwanger, Ladinek, Lang, Timmers, & Lener, 2019)
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Table5: Strainlife parameters for differenapproximation methods. HB is the Brinell hardness
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Similitude concept

Once the straiflife relation has been appropriatelystablished, actual fatigue damage calculation

follows the same principles as application of thél Surves, using PaimgrenA y S NDEq.4NHzE S 6
However, it is not always feasible to establish the appropriate stifsirrelation, because stress
concentrations at the critical location may be unable to be measured in praetgegue to physical
constraints. It is possible though, to extrapolate the strains of a nearby point unaffected by stress
concentrations, the nominal strains, to the critical point. This local stif@rapproach is based on

the assumption that if the straihistory in a local notch tip is the same as the strain history in a test
specimen of the same material, the fatigue response in both the local notch tip and in the test
specimen will be the same, and can be described by the same materiatlgeajiN) curve, also

referred to as the Similitude ConcefGlinka, 201Q) There are several methods to apply this
O2yOSLIi® azad O2YyyY2yfté | OOSLISR Aa bSdzmSNRa wdz !
the local stress andtrain can be determined=(.14). The other parameters refer to nominal stress

and strain (S and e) and the true local stress and straamd®).

W, ®-0 YL WQ Eq.14

The righthand side of the formula represents an initial estimate of the local stress and strain, which
results in the local stresstrain product of an infinitely elastic material. Neuber suggests that this
product must be constant, so the product for awfinitely elastic material would yield the same
results as the product of the true strestrain of an elastiplastic material Figurel9).

‘ 3]
Thuee siréss o and straln

~ | P
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-'—Kte — -

Figurel9: Neuber's rule for calculating local stresgain
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There are other methods to extrapolate nominal stresses and strains to local Afegef summary

2F a2YS 2F (GKSaS YSiK2Ra IINBE Fa DAt w2 SE® R A VKIS
GKIFIG 020K FaadzyS |y | LIINRBEAYIFGSt& Sldz straih NBI  dzy
curve. While Neuber approximates these based on selected local stresses and strains, Glinka
proposes to incorporate the stresdrain curve to more accurately equalize the two areas. It is
aK2¢y G(K2dzaKI GKIFIG DfAYy]1lIQa YSGiK2R 2FGSy dzyRSNB
which involve the general yielding of a material, rather than only a local area, Neuber and Glinka are
insufficient. In this case the Seegéeuler method can be used, which introduces a different stress
concentration factor based on the yielding strength of thaterial andrelates the nominal stresses

to local stresses using that factor. However, it ie@mmon for nominal stresses to approach the

yield stress in notched components, so the Seddeunler method is rarely use@Fatigue Theory

Reference Manual, 2002)

When assessing the remaining fatigue lifestfictures using the straitife method, only a critical
component needs to be found. Because of the ability to extrapolate nominal stresses and strains it
allows for this method to be more suitable for structures with complex geometries, which often
expelience stress concentrations that are tough to assess, as opposed to the use efNtharges,
which are only applicable to a limited set of detalils.

Multiaxial fatigue

Another issue that should be considered is that mo# 8urves, but also the stralife approach
proposed above, are only applicable to uniaxial loading conditions. While this may be an acceptable
assumption for builup riveted beams and columns, joints (and in particular the complex joints
applied in riveted bridges) are often subjectedmultiaxial loading. There is a number of methods

to assess the fatigue life of joints under multiaxial loads, with a varying degree of complexity in
implementation. These methods can be subdivided in five categf¥ims & Lee, 1996)

- Empirical formulas and modifications of the Cofflanson equationsgq.11);
- Application of stress/strain invariants;

- Use of space averag®f stress or strain;

- Critical plane approaches;

- Accumulation of energy on materials.

Garud(1981)and You & Le€1996)have performed surveys on the various methods suggested for
multiaxial fatigue analysisGarud (1981) expresses a preference for enerbgised approaches,
stating that many of the stressand strain based approaches fail adequately consider the
multiaxial stressstrain response of the material, which is a crucial element of the fatigue process.
Furthermore, no distinction is made between the crack initiation and the crack propagation phase.
Regardless, several methodee still deemed appropriately accurate in either the aw highcycle
fatigue domain You & Led1996)do not share the same bias towards enelipsed methods, as
they are unable to incorporate the effect of the loadipath. Additionally, the interaction between
out-of-phase stress and strain components cannot be considered, although this is an issue many of
the regular stresgstrain-based methods suffer from too. Many of the methods they have covered,
require extengre knowledge of the materials, introduce a multitude of variables and define
complicated formulas. This results in difficult implementation in practical examples.

The most commomnd relativelysimpleformulas for multiaxial fatigue assessment the pincipal
strain criterion and the maximum shear strain criterioifhe principal strain criterion suggests
fatigue cracks initiatén the plane that experiences the most extrersieain amplitude resulting in
Eq.15. For uniaxial fatigue problems,idequation reduces td&q.11, as the principal strain direction
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is the same as the direction under which the specimen is loaded. The principal strain criterion is
primarily applied tahe analysis of brittle materials. Applying it to ductile materials tends to result in
unsafe life estimates.

W . .

T 6 cv - ¢0 Eq.15
Rather than suggesting fatigue cracks occur most commonlgriircipal strain directions, the
maximum shear strain criterion proposes that cracks occur in planes that undergo the largest shear
strain amplitude.Usid a 2 KN & @iihNI A-y  -OAtiéeIinfx@num shear strain can be
obtainedusingEq.16. The formula fothe maximum shear strain criterion then becomes a&
17. Finaly, by applying uniaxial material properties, C1 and C2 can be evaluated based on elastic
FYR LI FaGAO A0GNIXAYy t2A3a2yQa NI GA233EqQasKADK | NB
opposed to the principal strain criterion, this method has a tendency to give conservative life
estimates for ductilanaterials butmay not give safe life estimates for brittle materials.

Eq.16
S S
(Aj) y N - 2 v
M 80 i S5c - cl Eq.17
gl Be- o
g 5 p ' - c0  pls gl ph- o Eq.18
G (@) O

One of the methods that may turn out to be more universally applicable is Beowrf £ SN a Y S K
(Brown & Miller, 1973) Their theory like the maximum shear strain criteriosuggests that the

maximum fatigue damage occurs on the plane with the largest maximum shear strain amplitude.
However, in this methodhe damage becomes a function of bothetmaximum shear strain

amplitude and the strainamplitude normal to the plane orwhich the maximum shear strain acts.
PaAy3 az2KNR& &GN Ay OANDESsES (GKS YFEAYdzy aKSI N a
be related to the principal strains. Though their initial research produced an expression only suitable

for low-cycle atigue and did not specify the functional relationshigm(19), later adaptations can be

applied to the complete fatigue life of a material. KanBilpwn & Miller(1982)have rewritten the
conventional straidife equation fromEq. 11 to incorporate BroweMillerQa S|j 2. @02y 6
Canstants Gand G are taken to be 1,65 and 1,75 respectively, based on the assumption that cracks
initiate from the plane on which the maximum shear strain acts. More complex variable amplitude
loading may result in a different plane on which the crack initiates, whiah r@sults in slight

variations in €and G, though 1,65 and 1,75 are universally accepted.20 is also recommended

by the Fatigue Theory Referenktanual (2002)to be used for ductile materig) as it gives the most

realistic life estimatesfor these types of materialsFor brittle materials, nostonservative life

estimates can still be found though.

- - T Q- - T Eq.19

({f (p' v N ,, w 2
L T 0 c 0] 0 - c 0] Eq .20
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Fracture mechanics
In the case the crack initiation phase is not relevarg, , when fatigue cracking has already occurred

in the detail, orO ph, an alternative method can be applied to find the remaining fatigue life.
While this crack growth analysis, based on lineastid fracture mechanics, is not implemented into
the Eurocodes, the British Standg2D15)and RBK Steel both allow for application of this method.

In its essence, the fatigue crack growth method relies on the powerestablished by Paris and
Erdogan(1963) which is used to establish a relation between the fatigue crack growth (FCG) rate
‘Q 6Q Gand the stress intensity facta0 (Eq.21). C and m are constants relating to the material

properties.

goo 52 wu Eqg.21
90 A

There are three cracrowth regimes Figure20) that can be used to describe the relation between

‘Q BQ Gand 3V, plotted on a biogarithmic scale. The firsiomainis bounded by , which is the

threshold value forv below which no macro crack growth will occur. The upper boundary, in the

third domain is kK, which represents the maximum value fet). Exceding k results in the

complete failure of a specimen. The middlemainis the linear relation between the twextremes

andAd RSAONAOSR o0& tFNARA YR 9NR23IAFYyQa LRoSN fI ¢

threshold region, the Paris region andet unstable tearing crack growth regid@orreia, et al.,

2017)

L Region | Region I

da/dN = C (aK)"™
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Figure20: Crack growth regimg&Correia, et al., 2017)

In order to apply the power lavE(q.21 needs to be integrated from; éinitial crack size) to:&final

crack size), resulting in the total numberayfcles until failureEq.22). There is a multitude of ways

to find each of these parameters. Constants C and m, as mentioned, are dependent oramateri
factors, and can be estimated through the analysis of experimental data. Additionally, recommended
values for commonly used materials under standard conditions can be taken from the British
Standard(2015) or from peviously performed analyses of older, no longer applied materials. Such
analyses on wrought iron and mild steel, which are commonly used materials in riveted structures
have been performed by for example Correia et(2017) de Jesus et a{2011)or Raposo et al.
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(2017) The stress intensity factor can be found through the us&mif23, or through the use of
Finite Element modelling (sder exampleChapter2.3.2.]). Additionally, aand a can be found by
implementinga0 and Kk respectively intoEq.23. Finally, Y is a factor dependent on the geometry
of the observed detail.

p

0 —Q® Eq.22
0z b

WL O, N ® Eq.23

In the case0 is unknown, the initial crack size can also be found through simple observation of
the specimen. There are several methods of obtaining the actual size of this crack, outlined in Annex
T of the British Standard. If no crack can be observed, and a fatiggessment through crack
growth analysis needs to be performed based on a damage number exceeding 1,0, RBK Steel states
that it is allowed to assume a crack of a size equal to a defect that can be reliably detected using a
given inspection technique, theetection limit, as taken from Annex T of the British Standard.
Several inspection techniques are available. The detection limit ranges from a crack size of 1,5 x 10
mm (effective crack depth x total crack width) f&ig.,focused phased array inspection &ocrack

size of 3 x 15 mm fae.g.,conventional ultrasonic testing.

2.2.3. Corrosion

As most other metallic structuresld, rivetedbridges are subject to the onset of corrosion. As a
matter of fact, one of the bigger challenges related to old steel bridges, is this onset of corrosion.
Several studies have been performed to assess the effect corrosion has on rivets and riveted
connectons. This chapter intends to summartbe findings of these studies.

Before any conclusions on corrosion damage can be drawn, the corrosion types need to be
identified. Firstly, classification based on the general appearance and form can be donenidss is
commonly done through visual inspection, either by the naked eye, or using magnification tools.
There are several means to classify corrosion. The following types of corrosion can be classified
(Cinitha, Umesha, & Nagesh, 201i43ndolfo, Cascini, & Portioli, 20{Q)ang, 2021)

- General (uniform) corrosion
As the most common type of corrosion, it is also usually seen as the most serious type of
corrosion ofsteel bridges. This type occurs when a chemical reaction affects the entire
exposed surface of a metal element. The chemical reaction may be due to exposure to open
atmospheres, such as air, water and soil. The resulting corrosion happens homogenously
acrass the metal, having a thinning effect. As a result, this type of corrosion is fairly
predictable, and is used as a basis for most predictive corrosion models. In general, this type
of corrosion can be presented as a loss of weight or a decrease in thgckne

- Pitting corrosion
Pitting corrosion is a localized form of corrosion, resulting in pits or holes in a small area of
the affected material that penetrate inwards. The onset of pitting corrosion can be both
chemical or mechanical in nature,g., through contact with aeriated water or an impact
that results in the destruction of a possible protective layer respectively. This type of
corrosion can be detrimental to metal elements, but is tough to identify and predict.

- Crevice corrosion
Similar to pitting orrosion, this type of corrosion is a localized form of corrosion. Crevice
corrosion occurs at or near the metal surface that is shielded by another material, resulting
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in an inhomogeneous oxygen flow. This in turn causes a difference in ion concentration,
which is the root cause of the corrosion process.

- Galvanic corrosion
Galvanic corrosion is the result of the application of two different types of metals, one of
which more noble than the other. Electric contact between the two results in one of the
metals acting as an anode, whereas the other acts as a cathode. The-aradewill start
to experience an increased rate of corrosion.

- Erosion corrosion
This corrosion is the result of a corrosive fluid flowing past the metal at rapid speeds.
Abrasive actio of the metal causes it to experience an accelerated loss of material.

- Cauvitation
Turbulence in fluids cause the creation of bubbles and vacuums. These may suddenly
collapse due to changes in pressure near the surface. This implosion produces srsaliepres
waves, which impact on the (metal) surface, eroding any protective layers and causing
pitting in the material.

- Stress corrosion
Specific corrosive environments may occur, which by themselves have little to no effect on a
material, but once (tensile)tresses are applied, result in the brittle failure of the element.
This phenomenon is known as stress corrosion.

- Fatigue corrosion
Following the same principle as stress corrosion, fatigue corrosion may occur in specific
environments, failing without notie as the result of the combined effect of the corrosive
environment and cyclic loading.

UNIFORM CORROSION FITTING CORROSION CREVICE CORRDSION GALVANIC CORROSION

Less More
nokble nable

EROSION CORROSION CAVITATION STRESS CORROSION FATIGUE CORROSION

FIow Y
- - L 4

/ % 282

Figure21: Different types of corrosiofiandolfo, Cascini, & Portioli, 2010)

Another method isclassifying through the reaction that takes place on the surface of the metal.
Examples are of such classes are chemical, mechanical or electrochemical corrosion.

Finally, degradation mechanisms can be classified based on the corrosive environment:

- Microbial and bacterial corrosion
This type of corrosion is based on the presence of recganisms and bacteria and around
the metal surface. It usually occurs in soils or fregtsea water

- Gaseous corrosion
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When the main corrosive agent is a dry gas, withibwt presence of a liquid on the metal
surface, one speaks of gaseous corrosion.

- Marine corrosion
Splash zones or the immersion of a (part of) a structure near seas and/or oceans may result
in marine corrosion, where seawater is the main actingosive agent.

- Underground corrosion
When materials are surrounded by soils, but the corrosive agent is not microbial or bacterial
in nature, corrosion can be considered to be underground corrosion.

- Atmospheric corrosion
Three types of atmospheric coriiog types can be deduced: dry, damp and wet corrosion.
Damp and wet corrosion may occur either ar outdoors andis the result of wet and dry
cycles due to condensation or rainfall. The root cause of damp corrosion is the formation of
a thin film of eletrolytes on the metal surface, as a result of the adsorption of water
molecules when the metal reaches a critical humidRpoberge, 2019)Wet corrosion is a
consequence of the eroding effect of flowing water. Finally, dryosion is the result of
oxidation of the metal due to oxygen in the air, without the presence of any liquids. This
type of corrosion is highly sensitive to changes in temperature, and it is usually the least
severe of the three types of atmospheric corsi

Furthermore, it should be noted that different degrees of corrosion may be present. It is standard
practice to label steel specimens as uncorroded, mildly corroded, moderately corroded or severely
corroded, each of which has an increasingly negatifecefon the properties on the respective
element. One of the ways to measure degree of corrosion, for example for uniform degradation, is
through loss of thickness. A thickness loss of less than 25% compared to the original thickness is seen
as mild corro®n, whereas losses of over 50% are quantified as severe corrosion. This way of
measuring is not appropriate in all cases, since not all corrosion is uniform. Sometimes it may be
adequate to take an average loss of thickness, rather than actual or maxiossrof thickness along

a crosssection. Even more unequal corrosion, such as pitting, can best be quantified by degree of
pitting intensity. Regardless of manner of quantification, what still holds is that several studies have
shown that mildly corrodedlements experience very little decrease in structural properties such as
ultimate yield and tensile strength, while severe corrosion can significantly reduce these properties
(Nakai, Matsuhita, & Yamamoto, 200@)isher, Yen, & Wang, 199Qinitha, Umesha, & Nagesh,
20146 al OK2X weéeat 6S12 9. /FYLRa S aliG2ax uHnanmdpo

On top of a change in structural properties, and the resulting decrease in stegngth due to these

changes, as well as a general decrease in @eson, corrosion has a significant effect on the

fatigue behaviour of steel members. Several studies have shown that as the degree of corrosion
increases, the fatigue life decreasdlough it should be noted that this mostly holds in situations

where the notch effect of corrosion exceeds the notch effects already present deig.toivet holes

or changes in crossection. Additional notch effects as a result of changing esesfons may be

introduced due to ununiform corrosion thoug&@hang, Li, Liang, & Akid, 2018 I OK2 X weéat 6 S
Campos e Matos, 201&Jahrai, 2003jFisher, Yen, & Wang, 1991)

Most of these studies are related to steel plates or beam elements. The fatigue resistance of rivets is
alsoaffected by corrosion, since material reductions due to corrosion can lead to a deanethee
clamping force imposed by the rivet heads. Tests by Heinemeyer and Feldatdri)have shown

that a volume loss of the rivet head of 22% due to corrosion coincides with a reduction of the
prestressing stresses A0%. Once this volume loss is exceeded, severe reductions in prestressing
can be expected.
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2.3. Case studieBom the literature

In this chapter several case studies are consulted and discussed. The first section of this chapter
coversa study performed bylv-Infra, involving the recalculation ¢fie John S. Thompsbridge on

its remaining static strengthwhile large parts of the bridgevere subject to recalculationthis case
studyfocusesmostly ona specificjoint rather than the complete bridge. The purpose of this chapter

is to present some of the issues involved with the conventional recalculation of joints, how these
issues are tackled, and to discuss any limitations that may refharecalculationis performed in
accordance with the Eurocodes and RBK Steel, as well as some additional (or in some cases
conflicting) specifications by Rijkswaterstaat (RVF8jthermore, the joint discussed in this section

will be further investigatedin Chapter 88, in which Fiite Element Software will be used to
investigate the fatigue behaviour of this joint.

As the John S. Thompsonbridge is only assessed statitsstrength, and not its fatigue strength, an
additional case study is shown Amnex B in whichthe recalculation é the fatigue strength othe
Konninginnebridges discussedSince this bridge is not a riveted bridge, it is mainly included for
illustrative purposes, and to identifyossibledifferences between riveted and nenveted joints.

The second subchapter delves into the experimental munghericalassessmentsf a riveted joint of

two ancient metallic bridges. The purpose of theseestigationsis to shed light on the local

behaviour of riveted connections and theitatic andfatigue responseDe Jesus, da Silva & Correia

have studied the fatigudehaviourof a riveted connection originating from an ancient bridge in

Portugal( (2015) (2014), utilizing both experimental and numerical approacHest YA f | NX é 2 5 Q!
et al. (2011)have performed an experimental study on the shear behaviour of riveted connections

under static loadingutilizing specimens excted from an ancient bridge in ltalfauilding upon

5Q! yAStt23 Si It dzna3)haveckehted a [mdaglivg @ameéwork ehich darf be

used todesign and predict the response of riveted connections téicstaading, including different

failure modes. These studies are the subject of the final part of this chapter.

2.3.1. Staticanalysis of thelohn S. Thompsonbridge

2.3.1.1. Background

The John S. Thompsonbridge, constructed between 1927 and 1929, sometimes referse@rava

Bridge, is a riveted truss bridge crossing the Meuse near Grave, and is part of the N324, connecting
Nijmegen to Den Bosch. It consists of nine spans, spanning a total of 515,17m. Each of the spans acts
as their own independent bridge section. Fhetmore, two of the spans are also part of a weir
complex (Span Il and Ill). As commissioned by RWS, all nine spans need to be reassessed in terms of
static strength and stability, with an intended remaining lifespan of 30 years under normal use. This
reasessment is particularly related to the main structural system, which means the main truss
beams, the crossbheams and the stringers, as well as several fundamental connections. As previously
mentioned, this case study will focus mainly on one such joints.

WEST EAST

Figure22: Numbering of spans John S. Thompsonbridge
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Observed connection
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Figure23: Relevant joint in span A/B/E/F.

Spans A, B, E and F are deemed to be identical for the purpose of this recalculation. The joint this
case study focuses on, is located at the bottom west corner of one of the spans A, B, E or F, and
forms the connection between the truss system and thepsrp transferring the forces on the
bridge to its substructure.

Given the age of the bridges, the used materials are not representative of current day materials.
Without the appropriate knowledge on the strength of the materials, a material assessment ha
0SSY LISNF2NX¥SR® ¢KAa FaaSaavySyid KIa O2yiartindzRSR
a0SSté¢ 66KAOK gAff FTNRY (GKAa LRAYy(OH 2ysFNR 0S5
steel is equivalent to standard S235 steel andaltdations is assumed to have the same material
properties. The same material is used for the rivets. All rivets have a diameter of 24 mm. Their grip
length depends on the location and number and size of plates they bind together. It should be noted
thati KS OI £ Odzf  1A2ya 6SNB R2WwT dedhEM Bdi=hiPRIadNR LI NJ
opposed to the partial factors that are normally required for recalculations. This has been done in as
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Loads have been defined using the Eurocodes. Loads that are considered aveigletlf traffic

loads (LM1, LM4, crowd loads, brakilmgd acceleration loads and the uniformly distributed cyeling

and pedestrian loads), wind loads ancttmal loads. Traffic load case LM3, as well as concentrated
cycling/pedestrian loads are not within the scope of this project. Similarly, impact, seismic and crane
loads are not within the scope of the project. Finally, LM2 and snow loads had been cedslulgr

have shown to result in significantly lower loads than other load combinations deeggtd_ M1 or
ONRBgGR f2IRad !'a adzOKI (KSe& N’ y24 3F20SN¥yAy13
factors for each of the load cases are showiiable6® t SNX I y Sy (i -fdctdrioRD. Bsth &3S |
ULS and SLS have the same combinations and factors, except for the partial factors, whichein SLS ar
all equal to 1,0.

Ly

Table6Y -factors for the considered load combinations

LM1 Horizontal | Pedestrian | Crowd Wind loads | Thermal
loads lanes loads loads
Combination 1| 1,0 0,8 0,4 0,0 1,0 0,3
Combination 2| 0,8 1,0 0,4 0,0 1,0 0,3
Combination 3| 0,0 0,0 1,0 1,0 0,0 0,3
2.3.1.2. Bridge model

In order to verify the bridge, a model has been constructed in SCIA Engineer. Each of the beams,
stringers and crossbeams have been modelled using beam elements, with appraposdsections
(Figure24 and Figure25). Thebuilt-up crosssections present in the riveted bridge are modelled as a
single a crossection, with each of the different plates that build up the beams acting as one beam.
SeeFigure26for an example.
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Figure25: Unrendered beam model John S. Thompsdgbri
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Figure26: Example of a buitip crosssection and its properties in SCIA
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Each of the corners of the bridge has four vertical supports. In longitudinal directixis(x at the

end of the bridge both joints are supported ttiwontally. In transversal direction -gxis), two
horizontal supports are applied on either end of the bridge. The result is a statically determined
system in longitudinal direction, but statically indetermined in transversal direction. The result is
some additional transversal forces, dependent on the joint stiffness. However, these transversal
forces are not considered in the assessment of the joints. Additionally, it should be noted that, while
the supports are modelled as a point support, in realitgytthave a width, which means the actual
stress distributions may differ slightly from the modelled behaviour. Each of the joints withing the
main structural system of the bridge is assumed to act rigidly.

Buckling of the beams can be assessed by SCIlAivE®md connections, buckling curve c is used.
Buckling length factors are found through an iterative process, with the found values inserted into
SCIA Engineer as fixed values.

Almost all beams are connected through rigid links. In situations where thteetiaes of beams are

O2yySOGSR SOOSY:UNROIffes NAIAR WRdzYyYeQ o6SIYa | NX
Using this model, the internal forces and stresses in the bridge are calculated, and the individual
beams are verified based on the Eurocodeigure27 shows the maximum unity check on each of

the beams in the bridge.

Figure27: Unity checks on each of the beams

2.3.1.3.  Jointverification

This model is unable to calculate the detailed stresses within the joints due to their comftedty
Figure28, Annex Gand Annex D and the assumptions made when modelling. In order to be able to
assess theseonnections, additional hand calculations are performed.
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Figure28: Example of a complex joint and its structural drawing

To find the forces acting on a joint, several cuts have been made within the beams of the bridge
model, near the location of the joints. Figure25 these locations are represented by small, brown
marks. By isolating thpint andcomparing the strength of the individual elements at this cut to the
strength and resulting unity check at the same location within the model, a verification of the joint
canbe performed. Alternatively, by applying the (internal) forces on the beams at the location of the
cuts, as taken from the model, and applying them manually to the isolated joint, the resistance of
the joint can be assessed directly, in the case no confp@anzalue of the unity check in the model is
available as a result of the assumptions made to construct it. By assuming several cuts within the
joint, several subsections of the joint can be assessed. However, one can easily realize that, because
the actud force distribution within the joint is unknown, the maximum stresses that occur in the
joint may not occur precisely on the assumed cuts. Therefore, there is no one hundred percent
guarantee that the joint will not fail. Indv y ¥ NI Q& NB L2 theli éhoudhisitudtidns &8RS S Y' S
considered that the verification is sufficient to draw conclusions from.

The original report checks each of the four joints illustrateéigure29, but for the purpose of this
thesis only the verification of joint K1 is reviewed. Calculations are performed based on the
Eurocodes (or chapter 2.2.1).

Figure29: Assessed joints
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Four different cuts are considered for the evaluatic e sogy. W 1087 |
of K1. Cut-l is a vertical cut located at the end ¢
the main longitudinal beam of the bridge, where th |
webs of tre beam merge into gusset plates, whic
can be considered to be the main part of the join curin
The Lplates that form the flanges along the mai '
longitudinal beam remain uninterrupted. Cutlllis
a horizontal cut, cutting across the gusset plat
parallel tothe main longitudinal beam. It is situateq cutv-v
right above the top of the main longitudinal bear
and is used to determine the resistance of tr
gusset plate to any loads introduced by the diagor
beam. Thehird cut, cut IHII, is similar to the first,
though it is located at the point where the webs ¢
the diagonal beam merge into the gusset plat
Again, the flanges (both on the-iand outside of
the beam) remain uninterrupted. In addition to therigureso: Considered cuts for structural assessment

axial forces introduced by the diagonal, this cut the joint

alsoused to assert the kinked plate and the kinked flange at the top of the diagonal, which connect
the diagonal to the gusset plate as well. CH\Ws situated at the very bottom of the joint, at the
location where the joint is connected to the supportsdaassess the capacity of the joint based on
the support forces. Finally, cut-W also relates the capacity of the joint to the load distribution
resulting from the support forces. It assumes the bottom section of the joint to be representable by
a portal onsisting of tensile and compressikeams andransfers the support forces through them

to the bottom of the main longitudinal beam.

Cut 111111

Ziscut IV-IV

CutH

Several structural components along cttdan be identified, namely thedlates that function as
flanges of tle main beam, the web of the main longitudinal beam and an internal and external cover
plate. Additionally, there is a filler plate present that covers the gap between the external cover
plate and the web of the beam. However, this filler plate is not a®red to contribute to the
resistance of the joint. Within SCIA Engineer, the presence of rivets has not been considered,
meaning only the resistance of the gross crsastion of the beam is used to verify the overall
resistance at the location of the cuthis means that the net crossction of the tplates and beam

web need to be verified manually. Additionally, the rivet strength and the capacity of the cover
plates need to be considered. Capacity of cover plates is combined into one calculaticey a®th

in parallel. They have approximately the same dimensions.
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Figure31: Considered crossection longitudinal beam at cud | with net crossection markedh red

Table7: Capacity of the beam aut H

L-plates | Rivets Beam web | Cover plates | Rivets
Gross crossectional capacity 698 kN | - 2632 kN 3102 kN -
Net crosssectional capacity 689 kN | - 2405 kN 2799 kN -
Shear capacity - 1503 kN | - - 3237 kN
Bearing capacity - 2717 kN | - - 2888 kN
Increase in U.C. 1,01 - 1,09 - -

As can be seen ihable7, the net crosssectional capacity of the beam web is governing over the
capacity of the cover plate and the rivets. The result is an increase of 1,09 in unity check compared
to the value calalated by SCIA. This incredseunity check is governing over the increase in unity
check at the Iplates, where the net crossectional capacity is governing over the rivets, and the
unity check is only increased by a factor of 1,01. The final unitkdemomelt @ iy x TdX ¢

where 0,67 is the original unity check calculated by SEigure32). This means the capacity of the

joint at cut H is sdficient.

Figure32: Unity checks longitudinal beam as calculated by SCIA Engineer
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Cut HI

Because the gusset plate is not modelled within SC 2
comparing unity checks of manual and computed calculatio - ‘
the method used to assess cu,lis not applicable to this
situation. Instead, the capacity of the gusset plate along this
introduced by the diagonal beam. The minimal and maxir . 7% Gl
forces acting on the plate can be taken directly from STahlé -
8), by finding the maximal and minimal internal forces in tl
diagonal. In the calculation,\\; and M, are neglected, because
their influence on the capacity is negligible. Normal forces in -
gusset plate are calculated using both thdimg normal force,
and the normal force resulting from the eccentricity betwee
the location to which Mis applied and the location of theFigure33: Crosssection diagonal beam
gusset plate.Additionally, the forces have been adjusted to

account for the fact that the the diagonal beam is sittiated parallel to cutAll.

Eccentricity

Table8: Internal forces diagonal beam

Staaf dx N Vy Vz Mx My Mz

[mm] [kN] [kN] [kN] [kNm] [kNm] [kNm]
B50 Cs2 - 0-A - Bovenrand le deel 7939,8 |N1042/23 -3985,99 21,45 -1,54 -1,89 80,22 64,57
B21 CS2 - 0-A - Bovenrand le deel 0,0 |N2037/49 -1601,64 5,60 17,00 3,93 -30,86 -41,27
B21 CS2 - 0-A - Bovenrand le deel 7939,8 | 21031/73 -2513,40 | -94,01 -51,19 2,57 -267,83| -481,67
B50 CS2 - 0-A - Bovenrand le deel 7939,8 |[N1031/15 -3121,75 83,17 -68,94 -2,71 -383,36 423,61
B50 CS2 - 0-A - Bovenrand 1e deel 7939,8 |[N2031/43 -2953,73 74,61 | -72,68 -2,48| -408,97 374,59
B21 CS2 - 0-A - Bovenrand 1e deel 0,0 |N2042/51 -2313,15 15,32 97,50 4,34 -156,23 -63,41
B21 CS2 - 0-A - Bovenrand le deel 0,0 |Z1031/73 -2463,43 -44,69 -25,92 -5,42 38,80 132,32
BS0 CS52 - 0-A - Bovenrand le deel 0,0 |N1031/15 -3069,54 33,85 -42,18 6,14 57,61 -111,77
B21 CS2 - 0-A - Bovenrand le deel 7939,8 |[N2042/51 -2335,56 51,94 64,67 -1,59 483,23 245,59

The unity checks resulting from both the seamveloping and the enveloping forces are shown in
Table9. The semenveloping verification functions aslower limit of the unity check, whereas the
enveloping verification is an upper limit. Both situations result in unity checks lower than 1,0, so the
capacity at cut Hl is sufficient.

Table9: Forces and unity checks along it

Semienveloping verification

N My Mz Npiate | Mypiate | Niti | My | Vien | "ned | bed | _Ed “ced | UC
[kN] | [kNm] | [kNm] | [kN] | [kNm] | (kN] | [kNm] | [kN] | [MPa] | [MPa] | [MPa] | [MPa]

3986 | 80 65 2149 40 1624 | 40 14081 58 5 50 107 0,48
1602 | 51 41 900 | 26 680 | 26 589 | 24 3 21 46 0,19

2513|268 | 482 2415|134 1825| 134 1582] 65 16 56 127 10,54

3122| 383 | 424 25801 192 1950 192 1690]| 70 23 60 140 10,60

2954 409 375 2378 205 1797 | 205 1558| 64 25 56 131 ]0,56

2313| 156 63 1308 | 78 988 | 78 657 | 35 10 31 69 0,30

2463 | 39 132 1549 20 1170 20 1014 42 2 36 77 0,33

3070| 58 112 1804 | 29 1363 | 29 1182] 49 4 42 90 0,38

2336| 483 246 1759 | 242 1330 | 242 1152]| 47 30 41 105 10,45

Enveloping verification

3986|483 |482 |[3152]|252 [2382|242 [2064|85 |30 |74 [172 |0,73
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Cut 11411

Cut IIHIl can be assessed using the sar_ <A
principle as cut -l. Gross crossection is
shown in Figure 33. Similar to the & . '
longitudinal beam, there are internal anc e S
external cover plates present, agll as an Wa >
external filler plate. In addition to the outer /.flli’im
L-plates at the top and bottom, there are ¥
internal Lplates present as well at the top
All L-plates continue beyond the cut. Thwz
inner L-plate iskinked andcontinues along
the gusset plate and grallel to the kinked 4~ {
cover plate at the top of the diagonal bearr . — —_—
The lower and upper-plates have different” (

dimensions, and therefore are assesstFigure34: Dlstlnctlon between blates cover plates and filler
separately. Furthermore, in addition to theplates. Internal cover plate is marked in purple, filler plate in
beam itself, the kinked plate and klnkeyellow external cover plate in green anglates in blue

internal L-plate at he top of the diagonal have a function to transfer forces from the beam to the
joint, and thus needs to be considered as well. Within the table, the upper, intefplaké and the
kinked cover plate are combined into one verification.

Tablel0: Capacity of the beam at cut-lll

Lower | Rivets | Upper Rivets| Beam | Cover | Rivets| Upper Rivets
L-plates external web plates internal
L-plates L-plates
and kinked
cover plate
Gross 705 - 590 - 2256 | 2421 | - 3154 -
capacity
[kN]
Net 703 - 576 - 1991 | 2060 |- 2881 -
capacity
[kN]
Shear - 685 - 801 |- - 3792 | - 3166
capacity
[kN]
Bearing |- 912 - 760 |- - 3021 | - 3020
capacity
[kN]
Increase | 1,03 - 1,02 - 1,13 - - 1,09 -
in U.C. {]

Given the unity checks figure35, one can find that the unity check of the diagonal at the location
of cut IIHII becomesplp & 1y v TP v with the net crossectional capacity of the web of the
diagonal being the governing element.
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Figure35: Unity checks diamnal as calculated by SCIA Engineer

The end diagonal is part of the main structural system of the bridge and therefore needs to abide by
certain stability constraints. An additional analysis shows that the stability system acts as a sway
frame, for which al® order analysis will suffice. The additional safety factor resulting from this
analysis is 1,06. The final unity check then becopfiesg i v Tw Twhich is still sufficient.

Cut MV

The assessment of the joint in cutliVis made based on the focé the support as found in SCIA.
Because the precise distribution of forces through the two webs is unknown, the effective area is
taken as the area of all relevant elements the cut goes through. This includes:

1) Web1land?2;

2) Effective area of the combindiler plates and flanges of theglates on the outside of the
webs;

3) Effective area of the combined filler plates and flanges of Hpdates on the inside of the
webs;

4) Eight Eplates on the outside of the webs;

5) Four kLplates on the inside of the webs;

6) Four plates perpendicular to webs 1 and 2.

Dividing the total effective area of these elements by two results in the effective area of each of the
two webs, with which the capacity can be calculated.
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Support forces act as displayedkigure36, which in turn act on the effective areas of web 1 and
web 2. The corresponding support forces are displayeBainle11. Despite the fact that there is a
small opening between the-flates and the support, in cooperation with RWS it has been assumed
that these elements do contribute to the transfer of forces, given the small size of theHgal this

not been the case, the crosection at cut IMV would not be close to being sufficient. Additionally,
the flanges of the plates from 4) and 5) parallel to webs 1 and 2 are not considered, as they already

contribute to the effective area &) and 3).

Tablell: Minimum and maximum support forces

Steunpunt BG Rx Ry Rz
[kN] [kN] [kN]
SPT1/N372 N2031/5 774,15 -329,45 3470,68
SPT3/N370 N2041/7 755,33 0,00 1754,57
SPT1/N372 N2041/7 45,23 -347,05 3439,56
SPT1/N372 Z2043/8 560,05 333,68 1873,79
SPT3/N370 N2047/9 726,70 0,00| 1337,26
SPT1/N372 N1031/4 -727,77 -335,81| 3729,23

It should be noted that Rcan be both positive and negative
meaning the resulting forces k.and keqracting on the webs may T S Pe— |

he1 =550
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Figure37: Suport force distributiol

on the joint

be swapped. The governing normal force acting on one of the we __,
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accounting for the eccentricity offbecomes 2568 kN. With a capacity afi .= 6856 kN per web,
the unity check becomes 0,37. Therefore, the joint is sufficient at et Bs well.

Cut W

For cut W, the distribution of forces through the joint is investigated. Using a very basic schematic,
based on a portal created kgnsile and compressive beams, this distribution is approached. In
accordance with RWS, an additional model was constructed in SCIA Engineer, to assess whether this
force distribution appears to be appropriate.

| he2 | he1 = 550 | he3 |
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Figure38: Schematic representation of bottom section joint

Using the support forces taken frofrablel1 and the known dimensions of the joint, the values for
he2 and hs can be found. Subsequently, each of the internal forces definelignre38 can be
determined. The largest vertical force can be foundviasfn when R is negative, resulting inved.z

= 2662 kN. The largest horizontal force will be firq (587 kN), and can be either positive or
negative, matching the sign of.F&,eq1-1 and kv eq, 21 are taken up entirely by the builip connecting
beams in the middle, which consist of the internal filler plates (shown in greé&igure36) and
internal L-plates. Feq12 and Feq2 are taken up by the triangular sections. These triangular sections
extend slightly in the vertical direction, where they are connected to the gusset plate, to which the
forces are transferred thragh rivets. Horizontal forces, Fi1and F eq2are transferred through small
L-plates connected to the uninterruptedplates mentioned at cut-ll. The unity checks for each of
these sections are displayed Tiable12. It shows that the rough assumptions made to calculate the
joint manually result in an insufficiently strong joint.
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Tablel2: Capacity of the joint at c\t-V, manual simplification

Fvx1 through built- | Rivets | Fvx2 through | Rivets| Ry through L- | Rivets
up connecting triangular plates
beam sections
Gross 2876 - 1601 - - -
capacity [KN]
Net capacity| 2650 - 1442 - - -
[kN]
Shear - 2888 - 2769 | - 911
capacity [KN]
Bearing - 4522 - 3952 | - 1235
capacity [KN]
Increase in| 1,09 - 1,11 - - -
U.C. ]
Maximum Feq | 2662 - 1501 - 587 -
[kN]
Actual U.C. | 1,00 - 1,04 - 0,64 -

In order to further assess this cut, a simple model has been made in SCIA, to attempt to more
accurately define the acting forces. The triangular section at the bottom consists of very stiff dummy
beams, and simulates the support of the bridge. The bearttseatop of the model are also very stiff

dummy beams, used to assess the assess the forces at the location the bottom of the joint is
connected to the gusset plate. Suppeere chosen such that the forces are directly available and

the distances between them match up withihhe; and hs as defined inFigure 38. Using tle

maximum forces on the support at the bottom (taken frohable 11), the resulting forces and
aiNBaasSa [0 GKS WwWadzZllRNIaQ d (GKS G2L IFigure Ay dSNI
39 andFigure40. Finally, the unity checks relating to the SCIA model are foundhtel3.

—
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Figure39: Normal stresses and reaction force for negative Figure40: Normal stresses and reaction forces for positive
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Tablel3: Capacity of the joint at cut-V, SCIA simplification

Stress in plateq F/x1 through | F/x2 through | Ry through L-
from SCIA built-up triangular plates
connecting beam sections

[MPa] [kN] [kN] [KN]

Governing capacity| 235 2650 1442 911

Maximum 257,2 2485 1748 683

calculated force

U.C. 1,09 0,94 1,21 0,75

While the results from the manualssessment and the modelled assessment of eutwary slightly,

the results are similar enough that it can be assumed they represent an acceptable indication of the
actual force distribution within the joint. There are various assumptions that can be tione
influence the result. Should the beams that represent the triangular portal be modelled vertically
rather than under a slight angle, different values would be found. Similarly, different assumptions on
which crosssections do and which do not contriluto the resistance of the joint significantly affect
their capacity. Additionally, adjusting the distance; tb the centre of the group of rivets will
positively influence the forces on the right triangular section, but negatively influence the left
triangular section. The overall result remains the same though, in which the joint is not sufficiently
strong.

Some additional consideration that may be of note:

- Part of the force Rmay be neglected, as they are additionally applied forces resulting from
the static indeterminacy of the system;

- Applying the spring stiffness of the joint to the complete bridge model will affect the force
distribution throughout the bridge;

- The outof-plane force Ris not considered;

- Additional transversal forces coming from the main truss system are not considered;

- The friction and rolling resistance of the rolling support are not considered.

2.3.1.4. Limitations

The issues that follow from the method describedthis chapter can be divided in three main
categories. Some of the factors involved in two of these categories have already been discussed. The
categories are:

1) Unknown force/stress distribution;
2) Unknown capacity contribution within joint;
3) Nonuniversality.

Both category 1 and category 2 result in the fact that the precise distribution of forces throughout a
joint is unknown. Therefore, the location of governing stresses is unkrasamell. The issue with

this is demonstrated by the methodsdopted for these joint. Had only cudl through VIV been
adopted, the joint would be considered safe, with no structural adaptations necessary. Only when
cut VWV was assessed, the joint turned out to be unsafe. General knowledge on the behaviour of
stresses and joints may be able to-e#t this issue slightly, allowing for the constructor to assess
possible critical locations, but unfortunately there is no guarantee all critical locations are being
considered.

Unknown force and stress distribution i ibasis stems from the fact that SCIA Engineer has been
used to model the bridge. SCIA is not inherently designed for the design and calculation of joints.
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While this is not necessarily a major issue, as other software packages are available to mtxdel join
However, the precise properties of a joint do affect the distribution of forces throughout the system
as a whole, and in its current state, only generic assumptions have been made on the stiffness
behaviour of the joints (they are assumed to be rigidithout the required information to back
these claims up. That does not mean it is a poor assumption, just an unproven one. Furthermore,
within the bridge model, the supports are not modelled correctly when compared to the real
situation. Rolling supporthave a width, as well as a rolling and frictional resistance, all of which
affect its stress distribution, but are not considered. Additionally, many of the forces acting on the
joint are unknown or unspecified. Transversal forces originating from tha staictural system are

not considered, and the static indeterminacy of the bridge result in additional forces applied to
bridge, while in reality these may not need to be considered.

Unknown contribution to capacity lies within the complexity of the jateelf. Riveted bridges are
naturally complex, with many different elementsider many different stresdistributions and
therefore, many different elementshave many different contributionsto the overall strength
capacity of the jointlt will always b tough to define the which elements contribute to which degree

of loading. In order to simplify the definition, several assumptions have been made to assess the
joint. Assuming an effective width that contributes to the resistance of specific loads ddowse
(manual) calculation of the joint resistance, but may not be entirely accurate. Additionally, filler
plates are generally considered to not have an effect on the load capacity, but it seems unlikely they
have no effect whatsoever. As a matter atf, as mentioned ithapter2.2.1, the presence of filler
plates may have a negative effect on the overall capacity of the joint. Finally, simplifying a (séction o
a) joint may allow for easier calculation, but does not guarantee an accurate distribution, as
illustrated by the fact that even small adjustments of the model may result in different stress
distributions.

Finally, noruniversality is an issue. It doestrdirectly affect the calculation of the joint, but it does
pose a threat to the verifiability of the adopted methods. The methods used for assessing this joint
are incredibly specific, and cannot easily be adapted to and compared with other (typeits) jo
Even within the joint, several assessment methods were used. It is impossible to know if, had the
same methods been available for the different cuts, the result would match up. Therefore, a more
widely applicable and verified approach would be prafde.

On a final note, this report did not assess the remaining fatigue strength of the joint, for the simple
reason that there is no general method that can accurately predict the strength for such complex
issues, as well as a lack of knowledge on(éffect of) relevant traffic data.

2.3.2. Local behaviour of riveted joints

2.3.2.1. Local behaviour with De Jesus et al.

De Jesus, et af2015) and (2014) have investigatedthe fatigue of riveted and bolted joints
originating fromthe F&o bridge, an ancient riveted bridge in Portugal. The first study takes an
experimental approach, performing material tests on the model, with as aim to identify material
properties of the jant material, as well as their fatigue behaviour and crack propagation data. The
second study takes the data gathered in the experimental study and applies it to a numerical model
in ANSYS, utilizing its capabilities to get detailed information on thessies strain distribution
within a joint. Furthermore, it compares the standardNSurve used for riveted joints (Eurocode 3,
detail category 71) to the-N curves derived both from the experimental gt and the numerical
models, for different degreesf clamping stress. The studies have found that the numerical models
are able to generate ani$ curve very similar to the one found in experimerigy(ire42). The slope

42



of the curve proposed in Eurocode 3 (m = 3) does not accurately represent the experimental data,
where a slope with m = 5 appears to be more suitable. However, it should be noted that a limited
number of experimental data points wasaikable, reducing the confidence in this statement.

1000 ¢ < Experimental data 1000 ¢ ¢ Experimental data
Experimental mean S-N curve Experimental mean S-N curve
===FEC3 - Class 71 ====EC3 - Class 71
E — — Predicted S-N curve s — —Predicted S-N curve
3 +weee Predicted S-N curve: crack initiation £ oo Predicted S-N curve: crack initiation
e *
\— ----- Predicted S-N curve: crack propagation o -----Predicted S-N curve: crack
o 2 % propagation
= 7
2 o
5 z
=z 7,
100 3 100 1 — A .
1E+03 1E+04 1E+05 1E+06 1E+07 1E+03 1E+04 1E+05 1E+06 1E+07

Number of cycles to failure, N,

Number of cycles to failure, N,
Figure42: Standard, experimental and numericaNSurves for riveted joints under 0,63 MPa (left) and 22,78 MPa (right)
clamping stres¢de Jesus, da Silva, & Correia, 2014)

Model specifications

De Jesus, et al2014)have constructed their model using ANSYS, following its design guidelines and
utilizing its Parametric Design Language

The material properties used are derived directly from the experimental study De Jesufha&tel.
LISNF2NYSRY (KS | 2dzy3Qa Y2Rdz dza A& F2dzyR (G2 0SS wmc
ndoHcd® ¢KS RSyaAride 2F (GKS YI G SiNddedmetsy bf dhe yiclgl is a4 LIS OA
similarly taken directly from the experimentstudy andis displayed ifrigure43. In order to reduce

the calculation time of the model, De Jesus et al. have utilized the three planes of symmetry present

in the spe@men. Finally, ontrary to bolts, the rivets have been modelled to completely fill up the

rivet hole, using a solid, cylindrical paeaving no clearance.
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Figure43: Experimental setip of the reference model
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The model utilizes two types of load definitions. The first definition accounts for the clamping
stresses imposed on the plates by the rivets. Similar to real world situations, these clamping stresses
are applied through the assumed axial shrinkage of rilret shank as a result of a decrease in
temperature. The thermal expansion coefficient in axial direction is taken toxlse10° °C. The
transverse directions are assumed to have null expansion coefficients. While this method is
comparable to the realiveting process, it has been chosen primarily for convenigasdor explicit
models it is often the simplest method of applicatiorhe second load definition is the applied load,

for which a uniform displacement of 0,1 mm at the end of the specimeabean taken.

Contact is modelled using the Augmented Lagrange algorithm provided by ANSYS. This method
requires the definition of the normal contact stiffness, which in turn is responsible for the degree to
which a contact and target surfaces can pengtralhe relationship between contact and target
surface is established through an imaginary elastic spring between the two surfaces. Within this
spring, the contact force is a product of the contact stiffné$3s(id the penetrationi( .UThis contact

forceAd NBaLRyaAoftsS F2N Lz t Ay3d ol O01é¢ GKS Oz2yidl O

acceptable level. The contact stiffness is dependent on the relative stiffness of the two bodies, and
can be scaled through the normal penalty stiffness factor (F<hor). The acceptable level of
penetration, or tolerance, is the product of the mesh size (which is responsible for the thickness of
the respective element) and the normal tolerance penetration factor (FTOLN). As long as ANSYS
identifies penetrations afive the penetration tolerance, the model is considered to be unconverged.

De Jesus et al. have modelled several situations, with varying FKN and FTOLN factors, though for the
purpose of this report, only a factor of 1,0 and 0,1 for the F&iddl FTOLNActors respectively are
considered.

De Jesus et al. have made no specifications on the mesh size, though a picture is provided. This
picture is displayed iffigure44. As specified, this displays only #/8f the experimental model.

Nodes at a symmetry plane have been restrained to have null displacement along the normal
direction of those planes. For the mesh,-20ded hexahedra isoparametric elements hwitull
integration were used. Contact pairs were modelled using suffacirface contact finite elements.
Contacts considered were plate-plate, rivet heaeto-plate and rivet shanko-plate.
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Figure44: Mesh of riveted connecoin by De Jesus et §2014)

Model results

Both the crack initiation phase and the crack propagation phase have been considered by De Jesus
et al. (2014) As this report focuses primarily on the crack initiation phase, only the results relevant
to this phase wilbe discussed. Two types of results have been provided. Firstly, the elastic stress
field along the direction of loading in four different situations have been shown. The situations
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considered involve variations in amount of friction (either null frictior, 0, or high friction> = 0,6)

and the presence of prestressing on the rivets (either 0 MPa or 22,78 MPa). The precise reasoning
behind this specific value of clamping stress remains unspecified, though badédusa4z2 it can

be assumed that this value is taken as it most closely represents experimental results. All the stress
fields have been gathered based on the standard values for FKN anbl.Flit@Lstress fields can be
found inFigure45.

Thestress fields can give a general overview of the type of stress distributions that can be expected
in the plates It is clear that in general, stress concentrations occur around the hole in the middle
plate, in the side perpendicular to the loading direction. Models without friction generally
experience largecompressivestress concentrationand smadeer tensile stress concentrations. The
prestressing of rivets appears to have a positive influence on stress concentratiguagticular in

the models with friction.
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Figure45: Elastic normal stress fields for different configurations: a) null friction, null clamping; b) friction of 0,6, null
clamping; c) null friction, clamping of 22,78 MPa; d) friction of 0,6, clamping of 22,7§ddReesus, da Silva, & Correia,
2014)
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In addition to gathering the stress concentrations from these figures, De Jesus(20H)have
denoted the force acting at the end of the model, resulting from the imposed displacemerit. Wit
these forces, irtombination withthe stress concentrations and the known geometry of the model,
the stress concentration factors can be derived, ugigd4.

" " , Z 0 Qo

0 ie) ) Eq.24

S

0
While precise stresses in a model may be tough to replicaeahey are heavily reliant on material

factors like the material properties, but also design choices such as mesh sKHewever, stress
concentrationsshould remainconsisent throughout different models, despite different design
choices.As such they are suitable factors with which different models can be compdareely can
be used to clarly establish the effect of, in this case, the effect of friction and prestressinidpe
stress concentrations near a rivet hole.

Tablel4: Stress concentration factors for different models

No Friction / Friction / No Friction / Friction /
No Prestress No Prestress Prestress Prestress
“max[MPa] | 273,44 342,54 263,43 272,81
F [KN] 21,24 22,84 20,96 27,64
K [-] 2,16 2,52 2,11 1,66

Table14 displays the stress concentrations found for the four models displaydtgiwe45. The

force (F) provided by De Jesus et(2014)is representative only for the models that use symmetry
planes, resulting in an effective area of ¥/4he actual area of the specimen. As a result, the
calculated net stresses are four times lower than would be the case for the actual specimen. The
values provided iTablel4 are adjusted for this area, and represent the forces that would act on the
actual specimen.
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Figure46: Stress concentration factors related to clamping stresses for null friction (left) and a fricion Bf n Z@e 6 NA AK {0
Jesus, da Silva, & Correia, 2014)

On top of the stress concentrations related to the four models nexfeed earlier, De Jesus et al.
(2014) have generated a curve for stress concentration factors related to clamping stresses, for
different FKN and FTOLN factors and different degrees of frictionkigure46, these curves are
displayed for models with null friction and with a friction>»®f 0,6. Additionally, the locations for
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clamping stresses of 22,78 MPa havehegarked. Only the values for FKN = 1 and FTOLN = 0,1 are
relevant for this report. It can be seen that the stress concentrations factors found in the initial four
models(Tablel4) line up perfectly with the generated stress concentration factor curves below.
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5Q! y A S {201 )hasdperfbringt some experimental research on the shear strength of riveted
connections. For this research, aged plates and rivets originating froomgpecifiedold railway
bridge in Italy have been retrieved. WVithese plates and rivets, a total diventy-two different
specimens have been constructdeddure4?). In order to investigate the effect of diffemefactors, a
multitude of different typologies have been applied. The specimens aim to illustrate the effects of
load eccentricity (through asymmetric joints), net area (through the use of larger rivets and thicker

plates), plate width, joint length andwvet clamping force on the mechanical response of riveted

joints. Labels of the specimens denote respectively the splice configuration (symmetric (S) or
unsymmetric(U)), rivet diameter, steel plate thickness and number of rivets. Additionaihg-10-2
and U-19-10-4 have two different typologies, to consider different plate widths. Specimens with an
unspecified plate width have a width of either 70 mm (for specimens with a rivet diameter of 16 mm
and 22 mm) or 90 mm (for specimens with a rivet diametet®fmm).

CdzNJi KSNXY 2 NB > (201)atténpiitd adsesS the ddéqdatyzof the formulae adopted by
the Eurocodes (see also Chaptdr2.1.) to predict the theoretical resistance of the joint

configuratiors, as well as propose new formulae that may indicate more accurately the resistance
and failure modes of these riveted specimens.

For this report, in particular the stregsti N} Ay RAI AN} Y& 2060GF AYSR
though a full overvier of their work is provided.
S-16-10-1 | [ o[ | | =@ || U-16-10-2 ool ees——
U-16-10-1| o[ ] | =8— || U-16-10-4 o] e ———
§-19-10-1 | [ ] §-19-10-2 “ e o] S
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§-22-12-4
U-22-12-4 50 00| e

Figure47: Rivet typologies investigated by D'Aniello e(2011)
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5 Q! y &t&lf lav@ conducted tensile coupon tests, Brinnel hardness tests, chemical analyses and
CharpyV notch tests. The results indicate that the plate material is consistent with modern day steel
grade S275, with an average yield stress of 291 MPa (stanldaidtion SD = 5,63 MPa, coefficient

of variation CV = 0,02) and average ultimate stress of 433 MPa (SD = 5,48, CV = Gyviabemo

day equivalent for the rivet material has been found. The average yield stress of 315 MPa (SD =
26,03 MPa and CV = 0,08)daaverage ultimate stress of 412 MPa (SD = 17,85 and CV = 0,04)
however do appear to be consistent with steel produced through the M&temens process, not
dissimilar to the materials utilized in the John S. Thompsonbridge.

In particular the test setip for the tensile tests is relevant for this thesis, as these are the
experiments that have been replicated by Lundkvist e{2023) The tests were carried out with a
Zwick/Roell testingnachine andoaded in tensiorthrough displacement of the specimen ends until
failure. The irplane displacement is measured through a pair of Linear Variable Differential
Transformers (LVDTSs) on either end of the specimen, positioned at 30 mm from the nearest plate
discontinuity (sed-igure48). For each test, the maximum load and the type of failure mode have
been recorded.

a

aluminum
profiles

C L et o
[ [ —
| 30 mm
LVDT K LVDT
O |
== { D

Figure48: Tensile test saip adopted by D'Aniello et 42011)

In short, the experiments show the following results for the different investigated parameters:
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- Load eccentricity has a negative effect on the ultimate strength of the connections. This
behaviour is particularly pronounced in singlyeted specimens. As the joint length
increases, the negative influence of bending on the shear strength of the ctomec
decreases.

- A smaller ratio between netand gross area of the specimen results in higher ultimate
tensile strengths than their larger counterparts. This phenomenon is commonly referred to

a4 WwySi STFAOASYO&QS | yR (Schenke,salSaiaSshnstoy, 2 i K S

1954) (Cox & Munse, 1952)
- Varying the plate width yields the same effects on the net efficiency as one might expect
from varying the neto-grossarea ratio. Intersting to note is that changes in plate width

AYOARSyiGlFffte OKIFIy3aS GKS 20aSNIBISR FI Af dz2NB YS(

that, despite the fact that in some specimens the distance between rivet hole and plate edge
is smaller than the minimurprescribed by the Eurocode, a significant reserve of strength is
left over when compared to the theoretical strength calculated in accordance with the
Eurocodes.

- The joint length has a significant effect on the shear behaviour of the connections. Despite
the fact that for the tested specimens the minimum ratio between plate end and rivet hole
(er/d) exceeds the minimum ratio prescribed by the Eurocodes, failure in pure bearing still
occurred in some instances. Increasing number of rivets alongside thelangth did not
linearly increase the average strength, as failure modes shifted from rivet failure to other
failure modes.

- Differences in slip, where some specimens experienced a gradual slip, while for other
specimens a sudden slip occurred, is attriliite varying degrees of prestressing. However,
the precise levels of prestressing are unknown. The experiments indicate however that the
slip is so small that they do not have an appreciable effect on the shape of the force
displacement curve, nor will tlyebe significant on real structures. This confirms that the
connections behave as bearitygpe connections.

To illustrate the relation between experimental strength and the predicted strength and failure
modes by the Eurocodes (calculated according toftenulae described in Chapt&.2.1.1, based

on the experimentally found average strengths and safety fagieiS lj dz- £ (2 dzyAGe@ o =
have providedrigure49. It shows, on average, that the experimental ultimate strengths are a factor
1,40 larger than those calculated by the Eurocodes. Furthermore, the Eurocodelderrhave
LINBRAOGSR GKS ¢gNRByYy3a FlLAftdz2NE Y2RS Ay GKS Ol aSa
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Figure49: Relation between experimental and theoretical ultimate strength based on the Eurd@déesello, Portioli,
Fiorino, & Landolfo, 2011)

5Q! yAStt2 SiG Ffto adlrisS GKFIG GKS RAFFSNBYyOSa o6Si
be explained by the driving process. Hisiven rivets generally experience an increase in ultimate
strength of up to 20%an effect that the Eurocodes do not take into effect. The remaining
2POSNEONBYIGK F2dzyR o0& 5Q!yAStt2 S Ftd Aa | 00N
strength by the Eurocodes. While the Eurocodes assume a rivet shear to tensilgtistratio
QyTQ Ty, a ratio of 0,75 appears to be more in line with experimental results. Therefore,
5Q! yAStft2 S IFftd LINRPLRA&AS F2N) 40KS NRAGSG akKSIN ai
formula displayed iTable2:
z z™"Q z 0

"Or, F EQ.25
The overstrength of specimens failing in bearing likely corresponds to the present clamping forces,
odzi a 5Q!yAStt2 Si Itd KIFI@GS y20 ljdzr yiAasmeiASR (K
bearing failure mode have been proposed. Finally, the atamgth in tensile failure modes is
FGOGNROdzGSR (2 GKS ySi STFAOASYyOes: gKAOK R2 9 dzNE(
the reduction factor adopted by the Eurocode may be neglected for more accurate results, resulting
in Eq.26:

o — Eq.26

With these proposals, the experimental-theoretical ultimate strength ratio approaches unity
(denoted by the dashed line figure50). Furthermore, the predicted failure modes line up perfectly
with those observed in the experiments.
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Figure50: Relation between experimental and theoretical ultimate strength based on D'Aniello et al.'s modifications of the
formulae from the Eurocod@®'Aniello, Portioli, Fiorino, & Landolfo, 2011)

Lundkvist et al. model specifications

Lundkvist et al(2023)have created a modelling framework able to predict the strength, as well as
GKS TFIAfdaNBE Y2RSaA
this framework is to be able to accurately predict the static behaviour of a riveted joint, without the
need to perform extensive experimentation on the materidlee model created by Lundkvist et al.

is built in ABAQUS/Explicit

In order to adequately model riveted joints, Lundkvist et é€023) adopt an isotropic elasto
plasticity model to represent the true stressrain curves of a given material. This model is given by
Eq. 27. Within this model,, PR K and - represent respectively, the initial yield stress, the

Z, A 4 A x

hardening exponent, the initial yield strain, a normalizing strain and an offset strain.

The strain regiom
0dKS

Zero.

Lundkvist et al(2023)further adopt a ductile damage model, which, when combined with the above
elastoplasticity model, results in a model that is very agreeable with the experimental-force
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Eq.27

dzL32 y

R represents a Luder Plateau, which has been observed in some of

LI I {0 §2011)i16 thei Gise a didld?l&e@d iy abSehtftle SO | f
normalizing strain is set to be equal to the initial yield strain, while the offset strain can be set to

displacement curves found By Q! y A S f(2011) eSainpla of which can be seen iRigure 54 to
Figure55. However, this thesis largely focuses on the fatigue response of riveted connections, as
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assumed that the ultimate strength of the materials is not reached and damage as a result from
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static loading will not occur. As such, the damage model remains outside the scope of this thesis.
From Fgure 54 and Figure55 it can be seen that, even without this ductile damage model, the
model produces very agreeable results with thg@erimental results, as long as the ultimate stress is
not yet reached and the onset of necking is yet to occur. This is the case for all of the models shown
AY [dzyR1U@Aad SiG It ®Qa NBLRNI®

Material properties adopted by Lundkvist et al. are primarilydshsn the properties derived by
5Q! yAStft2 S If o ¢KNER dz3Ktraid espéndefoSthe Qlatezlaidfivet & a (1 a =
the specimens have been characterized. The experimental results show that the material properties
of the plates correspontb what is now known as S275. The rivets however show a large variability
in their properties (average yield strength and ultimate strength of 315 MPa and 412 MPa
respectively, with a standard deviation 826 MPa andt18 MPa respectively), likely due tonon
uniform manufacturingand driving process. With these properties, no modday equivalent steel
representative for these rivets can be determined. The experimental ssteas response has been
converted into a true stresstrain response (se€igure51). This response directly serves as the
input of the elasteplastic behaviour of the materials in the three dimensional,4inaar FEA model

that Lundkvist et al. have constructed, and can be expressed thriag@y.
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Figure51: True stresstrain response of the plates and rivets by Lundkvist ¢2@23)

Contact interaction in the model is defined through ABAQUS general contact method, which

automatically detects elements from different parts (either the plates

the rivets) that are close enough to be considered in contact, ¢ i

models their interaction accordingly. With this method, conta —'*——

between different plates or between plate and rivetnche identified. ‘ '”
H ]

The friction coefficientX) used for the contact interaction for both the !

rivets and the plates is set to 0,2.

is the thickness of the plates (10 mm), w is the width of the plates | 1t

mm), and r is the shortest distance from the centre of the rivet to t :

edge of the plate, which is the same boththe long edge as well as th Lis sl

nearest short edge of the specimen: 35 mm. Finally, e represents . .
) . Figure52: Lay-out of symmetric

distance from the centre of the rivet to the furthest edge of the plate;,q asymmetric models

This distance corresponds to the location of the LVDT used in tne

General layout of the models considered is displayed Rigure 52. W
Within this figure, d represents the diameter of the rivet shank (whi

fully fills the rivet hole; no clearance is present) and is equal to 16 mi
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experimental seup, at a 30 mm distance from the nearest plate discontinuity. This means e is equal

G2 cp YYD 5Q! yAStt2z2 Si | o Kiweh§-twhiSiesErs tNdwi&ies S E LIS NI
for rivet connections, varying between number of rivets, rivet sizenlmer of plates, plate size and

rivet distance. Of thesewventy-two specimens, Lundkvist et al. have taken nine specimens to model

and compare numerical results to the experimental ones.

The models of Lundkvist et al. adopt a fixed boundary condition enemial of the specimen, while a
guasistatic load is applied on the opposing end of the specimen. This load is defined as a result of
the displacementi( @f the specimen. The displacement, which propagates from 0 up to 12 mm,

- W

mimics the experiments perforBiIR 68 5Q! yAStt2 Sa |t o

In addition to loading resulting from this imposed displacement, the model adopts a prestress on the
NADGSGid 2KAES 5QlyAsStt2 SiG [t KI@GS y2G84SR GKF{ a
values are determined. Based the axial shrinkage of mild steel rivets due to thermal changes, the
prestress is expected to lie within the range of 20 to 200 MPa, with an average of 100 MPa.
Lundkvist et al. have not specified the precise degree of prestressing for each of the ntiooledh

it is assumed that they have adopted this same prestress of 100 MPa. The prestress is applied as a
pressure, situated directly on top of the rivet heads ($8gure53). This application of prestress
generally results in a uniform axial stress distribution in the rivet shank, and an increase in-the pre
load shows a slight increase in the joint strength, matching the findings of other studies (S
Gallegos Mayorga & PIR015) AlBahkali(2011). As such, this method of ptead application is
deemed adequate.
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Fixed BC

z T T
X
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Figure53: Loads and boundary conditions on the model by Lundkvist(@0&3)
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rivets, though refinements down to 0,3 mm aaelopted in critical regions. Linear hexahedron and
tetrahedral elements have been used for the models.

The models Lundkvist et al. consider aexeral singly riveted specimens similar to the one displayed

in Figure52 and Figure53, as well as two doublgveted specimens, and a final one with four rivets

Singly riveted specimens are variggl shank diameter, plate thickness, number of plates (either two

for asymmetric loading or three for symmetric loading) and plate widffihe doubly riveted

specimens are primarily present to investigate symmetric versus asymmetric loadingultiple

rivets. The resultsofwo 2 ¥ [ dzy R1 @A a il Sid I f Fguies54damRiGuiess, andNBE RA &L
can be considered to berepresentative for all modete LG A& |jdzAGS S@OARSyYy (G Gk
models quite accuratelpredict the damage that occurs on riveted specimens. In particular before

necking occurs, the models show a very large conformity with the experiments.
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constructed by Lundkvist et al. (2023) for a singly rivaiesymmetrically loaded specimen
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3. Methodology

This chapter will cover the methodology adopted to investigate the research problems and
guestionspresented in Chaptet.

The literature reviewhas showra signifcant number factors that may be of influence on the fatigue
behaviour of a riveted connectiof.aras & Greinef2010)have outlined a number of factorghat
may affect the crack initiation phasef fatigue behaviourin their research They citematerial
properties, stress ratios, stress ranges and rivet prestressing as important adgeatsver they
note that modernday standard are inadequate in providing enough detail categoriestiier fatigue
assessment ofiveted connectionsand have createtheir own addendum tothe detail categories
provided by the Eurocode guidelin€Rhis is further backed bgn alternative approach testimate
the crack initiation phasethe strainlife approach. Several adaptatisrof the base strainlife
equation attempt to incorporatéhe influentialaspects into the strailife approach.

This reportattempts to investigate the application of thestrainlife equations to a complex riveted
connection. The base materigdN curve(Eqg.11) is compared to different adaptations, such dse
incorporation of mean sess effects (which is directly related ttee stress ratio outlined by Taras &
Greiner) through application of the SmitWatsonTopper equation Moreover, as the Eurocodes
are only applicabléo specimens subject to simple loading situations, tieport will attempt to
investigate tke effect of multiaxial loadingby using the maximum shear strain criterion
Furthermore, the Eurocode makes no distinction between prestressed angmstressed rivets
However, prestressing is a crucial aspect offétegue resistance of a riveted connectiand given
the nontuniformity of clamping stresses on rivets throughout a structutes fatigue response
throughout a riveted joint may vary wildlffhe presenceof clamping forcesnd its influenceon the
overdl fatigue response of riveted connectiondll be illustrated.

To comparethe different methods of fatigue life estimation, a detailed Finite Element model is
constructedin ABAQUSbased on the compleXull-scalejoint investigated by Anfra. Before an
adequate model can be created, a clear overview of the model assumptions and design choices
needed to build an accurate model need to be provided. To this semkral reference models are
constructed, which attempt to replicate the results observedtie tase studies by De Jesus et al
(2014F & ¢St I @01pdndLyindi&ist etal(2@28) The fourpose of these reference
models is to identifydifferent modelling methodologies andscertain what methods would be
appropriate to apply in the bridge joint model. An overview of the findingshese reference
models, and what resulting designaibes such as modelling of contacémd mesh type and size
are adopted to the bridge joint modeare presented.To facilitate the construction of the bridge
joint model, given that it will be run a multitude of times to investigate different aspecthef
fatigue behaviour of the joint, a script to automatically generate the structure is setutifzing

I . 1 v PythGnbased scripting language. An insight in the steps taken to createath@natic
model generationsas well as number of the inputsaquired for the scriptis provided.

Based on the truskke structure of the bridge, the investigated loading situation on the bridge joint
is assumed to be limited to axial force on the beams dBineralstress distribution throughout the
bridge jointmodel as a result from these axial forcés assessed throughnainvestigationof the
expected output forces on the beams of the joiAkial forces acting on thmain horizontal beam of
the bridge jointas a result of axial forces on the diagonal beam from the ABAQUS el
compared to a simple hand calculatibased on force equilibriupas well as the results gathered
from the SCIA models built bylivfra. Detailednvestigation of the results ohts bridge joint model

is performed through thedentification of critical sections within the model. Critical sections are
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locations in the modeivhich experience high stress concentrations. This report limits itself to a
single critical sectiorThe inital bridge joint model with whicl critical sectionis identified, is built
upon shell elements. To more accurately capture the internal stresses and straingdthe critical
location,a submodel is incorporated into the model, replacitige shell elenents with solid mesh
elements Results in this critical section from the soiwdel will be gathered and will be used to
apply the different fatigue life estimation methoddifferences in results between different models
(e.g., shell versus soliehased dtical section or prestressed versus nprestressed model) are
illustrated.

With the resultsfrom the bridge joint modelthe strainlife equations are applied and the resulting
strainlife curvesare compared.Furthermore, empirical formulaéeferred to as transfer funadins)
are drawnup to relate the applied external axial force to the resultiogal stressand strain
concentrations. The purpose of these empirical formuka& simplify thefatigue life estimation of
complex riveted joints, decreasing the number of times an advakdaeite Element model needs to
be run. A example using theoreticalload situation is used to illustrate the use of these empirical
formulae. Furthermore, this example is usedcalculate the expected fatigue litd the investigated
critical section ofthe bridge jointuntil failure for a single load caseising the various methods
described before. A simplification of the assumptions on the bridge joint model is madelude a
fatigue life estimation of the section usitige stres concentation factor,a stressbased estimation
method, whichis the method commonly adopted in the Eurocoddsis simplification is normally
not applicable, but is performed to illustrate differences and similarities between the different
approachesWith this inclusion, a congrison can be made between standard fatigue life estimation
methods prescribed in the Eurocodes, and the alternative stoased fatigue life estimation
methods.

Finally, a short assessment of the different methods and their applicabiliyptactical x<ample is
discussed, and a recommendation whichapproachwould be most useful ipractice is made.
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4. Finite Element Modelling BABAQUS

In order to be able to gather information on the fatigue response of the joint from the John S.
Thompsonbridge, an idepth Finite Element Analysis (FEAQy be madeTo perform this analysis,
multitude of software packages are available. For this report, ABAQUS is used to gather detailed
results on the joint such as the stressand strain distribution.The methodused to define an
accurate modebf the bridge jointis described byigure56.

This chapter includes a short introduction iINBBAQUS and j
the two separate methods ABAQUS can adopt to perforn
FEABoth methods have been used to construct the model strategy

N
the bridge joint Howevergiven a lack of experimental data o ’
the bridge joint, in order to develop an experimentally [

validated Finite Element(FE) model, both case studies
pertaining tothe local behaviour of rivets described in Chapt
2.3.2 have been consultedin this chapter, therespective
experimentshave beenrecreated with reference models in
ABAQUSand the experimentalresults are compared tahe
results gatheredfrom the Finite Element model€nce the
reference model results are confirmed to align with the
experimental results, theassumptiors from the reference
modelsform the basis for the design choices of the comple Defining bridge joint model
model of the bridge jointensuring theresultsfrom the bridge | || Peremetersandineuts
joint modelare rooted in reality

ABAQUS modelling methods ]

Building reference models

. A
The assumptions governed by the case study results, Automatic bridge joint model

addition to general, prerequisite information needed to crea generation with ABAQUS
an accurate model, suctasthe geometry, material properties | \ scripting J |
and boundary conditionsfdhe bridge joint,are laid out.

Figure56: Development of modelling

With as purpose to simplify the development of the model asrategy

to be able to easily adjust any parameters without having to rebuild the mfsden scratch, the

ONA RIS 22Ayld Y2RSt A& -baded sciiptindzlahguzgeAayldIExcel.. Qhapler{ Q t &
4.2.3will provide some contextipb the steps taken in this process. To facilitate this, several snippets

of code will be included, so a basic understanding of Python may be required.

4.1. Introduction to ABAQUS modelling

ABAQUS is used to credieth the referencemodelsand the bridge joint modelThebehaviour of
the modelsis heavily influenced by contact between elements and elgststic behaviour of the
material at stress concentrationsTherefore, nodinear dynamic analyses need to be performed.
ABAQUS offers twmethodsfor performing suchdynamic analysesABAQUS/Standayan implicit
method, utilizes the HilbeiHughesTaylor operator(Hilber, Hughes, & Taylor, 1978his operator
not only solves for the dynamic quantities of a mbdea timed 30 based on values at a timg
but also onthe quantitiesfound at the timed 30 (in which30is the observed time incrementiror
each time increment, this iterative calculation is ddoe inverting the integration operator matrix
and solving a set of nonlinear equatiordowever,as is evident from the technical drawingsee
Annex CGand Annex D) and the IDEA Statica modaeeAnnex F, the modelled joint consists of an
incredibly large number of plates and rivets. As sua,exceptionally larg@umber of contact
surfaceds present within the modelThe excessive number of contact interactions that need to be
consideredresults in an increased number of iterations acalise severe convergence issudsat
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cannot be solved usinthis method.Rather than using this implicgolver, ABAQUS/Explicit, an
explicit dynamic analysican beused. Thisprocedure performs a largeamount of small time
incrementsto minimise the dynamic force to almost zerand subsequentlyfinds the dynamic
guantities atd 30 solelybasedon the known values ab. For this, 1 utilizesan explicit central
difference time integration rulén order to solve theequations of motion of the body (sdeq.28
andEq.29), in whichd is a degree of freedom

30 30, Eq.28
0 6 w 6 Eq.29

Furthermore, by using diagonal element mass matrices to define the acceleration at the start of the
increment (seeEq. 30), calculating inverse matriseis inherently simplified and requires onty
operations,for whichn is the number of degrees of freedom in the modelEq.30, 0  is used to
describe themass matrixp) is the applied load vector ari@denotes the internal force vector.

o ) v °© Eq.30

Because this explicit method is based on such small tmagements,and the following step is
extrapolated from the current, knowmalueswith simple formulag convergence will not be an issue
and each increment takes very little time to computéowever, becausethere is an elevated
numberof incrementsand the model itself is fairly largesing the explicit procedure does result in a
time-intensive calculation process.

4.2. Development of modeiig strategy

With the different modelling methods ABAQUSiscussed, one can look into modelling the bridge
joint. However, n order to justifygathering results from the model of the joint, the results need to

be validated.TheJohn S. Thompsonbriddas no experimental datavailable so the model cannot

be validated directly. Thereforeexperimental studies omld, riveted bridges from the literature

have been consulted, and their results have been compatedreference model, in order to
develop a strategwith which the bridge joint model can be constructdde consulted studies are

by De Jesus et al(Z014)and (2015), where a riveted connection originating from an ancient steel
bridge has been observed both through experimental and numerical approaches, and a combination
2T 5Q! y A @011)expeSniental festadch on the shestrength of riveted connections, and

the subsequent modelling framework designed by Lundkvist €2623F 06 dzA f G dzLJl2y 5 Q! y A
work, which can be used to design and predict the response of riveted coongd¢t static loading,
including different failure modesThese experimental studies on which the reference models are
based have been describéd detailin Chapter2.3.2 In particular, theability to model thelocal
behaviour ofa rivetedjoint is assessed throughe comparativeassessment othese experimental
studies

Upon completion of theeference models, an overview will be provided of thecessities required
to construct the bridge model, where they have been gathered from, and how they have been
implemented.
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4.2.1. Reference model building

4.2.1.1. Reference model De Jesus et al.

In order to assess vdther the results of De Jesus et @014)could be appropriately incorporated

in the bridge joint model, reference models have been constructed. Their purpose is to reproduce
5S WSadzaQ NBadz (as|obvhich the désigr ofidicesicghibg’ icorporatédimaS
the construction of the bridge joint model, such that the results from the joint model can be
considered valid. Initial models were made using ABAQUS/Standard, which was adopted before the
realizationwas made that ABAQUS/Explicit was preferred to model complex joints like the bridge
joint.

A few considerations need to be made before this model can be constructed. Firstly, the models
made in this report are created utilizing ABAQUS, while De Jesus (€0a&4) have made their
models with ANSYS. As such, the models will inherently differ. The aim is not to perfectly reproduce
the original results, but to produce results that are comparable to the original. Second, & dza Q
model is a highly detailed model, with solid elements and a very fine mesh. Because the bridge joint
model is incredibly large, it is not feasible to adopt this same level of detail for the complete detail as
Ad dzaSR Ay (KS YRRtk bridge johtSnodaSrinydzarQist &f §aditRelements

at some locations, it is primarily constructed utilizing shell elements. Therefore, solid element
models will initially be used to identify whether the models by De Jesus et al. and the referenc
model provide comparable results, but shell element models and models utilizing both axmzl|

solid elements are subsequently constructed and assessed whether they too provide acceptable
results. Thirdly, De Jesus et @014)have not specified the size of the rivet head, which means its
precise measurement is unknown and its size has been chosen in accordance with the rivets from
the bridge joint model. Two types of rivet heads have been adopted. The first usestatidard
spherical rivet heads, and are applied in the ABAQUS/Standard analyses, while the other, rather than
the spherical shape that is standard for rivet heads in-liealapplications, have a cylindrical shape,
which allows for easier application ailamping stresses in ABAQUS/Explicit. Their height and
diameter stillmatch the most common rivet head dimensions described by Colél4) This
difference in shape may slightly affect the distributionpoéstress through the joint. However, as

the contact surface between the rivet head and plates remain consistent between the different head
AKFLISRZ AdGa SFFSOU oAttt o0S yS3aAtAIA0fSd CAylffex
concentratons of the specimen, which is why it only considers very small displacements. As such,
the specimen will likely experience negligible plasticity, and its plastic behaviour is therefore not
considered.

For the reference models constructed, both in ABAQUS&ird and ABAQUS/Explicit, the material
properties and dimensions are taken directly from the model by De Jesug20a4) In the original
paper, the density of the material used is omitted. Therefore, the matdsiahssumed to be
representable by standard mild steel, and is modelled with a density of 785G kg/m

Contact is modelled using the general contact method provided by ABAQUS, where ABAQUS
automatically identifies elements from different parts that are inntact with each other and
models their interaction accordingly. The first notable difference between ABAQUS/Standard and
ABAQUS/Explicit is the application of prestress, when present. ABAQUS/Standard allows for the
definition of bolt forces, which represemny prestressing forces that may be applied to the bolt.
ABAQUS/Explicit has no such function to inherently inscribe preloads onto bolts, which means they
need to be applied manually to the rivet heads on either side of the rivet. This is done by g@plyin

axial pressure onto the spherical rivet heads. Prestressing forces are ensured to have fully
established before the additional displacements are enforced. The displacement of 0,1 mm is
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applied to reference points, which are directly connected to thesssection on either end of the
specimen.

The mesh used remains largely consistent throughout the different models. All models are
constructed with hexdominated mesh elements. Rivets are modelled as solids, using solid elements
at all times, while the jates are modelled with either solidr shell elements. Both the rivets and

the outer plates of the specimen have a global mesh element size of 3 mm. The mesh of the rivets is
achieved through partitioning of the rivet along its internal planes, and sys#ly utilizing a
sweeping pattern to assign the mesh. The middle plates have a global mesh element size of 5 mm,
though a refinement of the mesh is applied near the rivet hole, where a mesh element size of 1,5
mm was utilized, in order to more accuratelssess the stress concentrations.

Figure57: Mesh of inner plate, rivet and outplate of reference model (solid elements)

Figure59: Mesh of reference model, shell elements

Figure60: Mesh of reference model, shelhd solid elements
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Figure61: Stress distribution in ABAQUS/Standard. Situations with, from left to right, topttimm, 1) no friction and no
prestress, 2) friction and no prestress, 3) prestress and no friction and 4) friction and prestress

Initial models in ABAQUS/Standard consted with 8noded (lineat) solid mesh elements generally
show comparable trends in stress concentrations for the four different considered situations, though
their actual values stray relatively far from the expected values found in the work by Deejedus
(seeTablel5). Applying 2hoded (quadratit) solid mesh elements show much better resufalfle

16). While the stress concentlianhs and resulting forces still differ slightly, the distribution of
stresses throughout the specimeRigure6l), as well as the stressoncentration factor, are very
O2YLI NIXroftS (2 5SS WwWSadzaQ Y2RStxX &adza3Saday3a Gk
predict the stress concentration factors. A similar trend is found for models using shell elements
(Table 17 and Table 18). However, shell elemediased models do underestim@tthe stress
concentrations and forces by a larger margin than solid elerbased models. By applying a
combination of shell elements and solid elements in the most critical plates, which in this case are
the central plates, similar results are found tarendel utilizing solely solid element$gble19 and
Table20). This means such a combined model can be utilized to relatively adgupatslict the

stress concentrations factors. Combining both elements utilizes both the accuracy of solid elements
and the lower computational time of shell elements, making it suitablerfodellinglarge joints.

! Linear and quadratic mesh elements refer to the shape functions used to approximate the displacement
between nodes.
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Table 15: Stress concentrations, forces and stress concentration factor for sel@tle®l (linear) mesh elements in
ABAQUS/Standard

No Friction / Friction / No Friction /| Friction/
No Prestress No Prestress Prestress Prestress
"max[MPa] | 200,4 216,6 197,6 177,0
F [kN] 18,2 18,9 19,0 21,3
K 1,85 1,93 1,85 1,39
Difference between reference model and De Jesus:
" max 26,71% 36,77% 24,99% 35,12%
F 14,55% 17,29% 14,17% 22,79%
K 14,23% 23,54% 12,61% 15,97%

Table16: Stress concentrations, forces and stress concentration factor for sefidd2@ (quadratic) mesh elements in
ABAQUS/Standard

No Friction / Friction / No Friction /| Friction/
No Prestress No Prestress Prestress Prestress
"max[MPa] | 234,8 276 228,6 225,0
F [kN] 18,2 18,9 18,0 21,3
K 2,17 2,45 2,13 1,77
Difference between reference model and De Jesus:
" max 14,13% 19,43% 13,22% 17,53%
F 14,45% 17,25% 14,07% 22,83%
K -0,38% 2,63% -0,99% -6,87%

Table 17: Stress concentrations, forces and stress concentration factor for shellledl (linear) mesh elements in

ABAQUS/Standard

No Friction / Friction / No Friction /| Friction/
No Prestress No Prestress Prestress Prestress

"max[MPa] | 167,6 197,7 167,2 179,5

F [kN] 15,2 16,5 15,1 20,3

K 1,85 2,01 1,86 1,49
Difference between reference model and De Jesus:

" max 38,71% 42,28% 36,53% 34,20%

F 28,39% 27,58% 27,91% 26,74%

K 14,41% 20,30% 11,96% 10,19%

Table 18: Stress concentrations, forces and stress concentration factor for shetle®l (quadratic) mesh elements in
ABAQUS/Standard

No Friction / Friction / No Friction /| Friction/
No Prestress No Prestress Prestress Prestress
“max[MPa] | 194,6 235,6 194,4 208,6
F [kN] 15,2 16,5 15,1 20,3
K 2,16 2,39 2,16 1,73
Difference between reference model and De Jesus:
" max 28,83% 31,22% 26,20% 23,54%
F 28,63% 27,58% 27,91% 26,70%
K 0,29% 5,02% -2,37% -4,32%
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Table19: Stress concentrations, forces and stress concentration factor for shetletl and solid -Boded (linear) mesh

elements in ABAQUS/Standard

No Friction / Friction / No  Friction /| Friction/
No Prestress No Prestress Prestress Prestress
"max[MPa] | 194,3 212,0 190,2 182,0
F [kN] 17,7 18,5 17,5 21,3
K 1,85 1,92 1,82 1,44
Difference between reference model and De Jesus:
" max 28,94% 38,11% 27,80% 33,29%
F 16,85% 18,87% 16,36% 23,05%
K 14,54% 23,71% 13,67% 13,31%

Table20: Stress concentrations, forces and stress concentration factor for shetle®l and solid 28oded (quadratic)
mesh elements in ABAQUS/Standard

No Friction / Friction / No Friction /| Friction/
No Prestress No Prestress Prestress Prestress
"max[MPa] | 228,2 272,8 219,4 235,4
F [kN] 17,7 18,5 17,6 21,3
K 2,17 2,47 2,10 1,86
Difference between reference model and De Jesus:
" max 16,54% 20,36% 16,71% 13,71%
F 16,81% 18,83% 16,27% 23,12%
K -0,32% 1,89% 0,53% -12,23%

Upon further investigation, as previously mentioned, it has been concluded that ABAQUS/Standard
is not a method usable to model large joints, as it is unable to model the enormous number of
contact interactions present in the bridge joint model. Therefdhe, results described above are no
longer suitable, and a revaluation is required using ABAQUS/Explicit. In its core principles, the
model remains the same, with the same properties, dimensions and interactions, as well as similar
mesh sizes as the ABAQ/Standard model. As discussed, the application of prestress needs to be
approached slightly differently, though it is only a minor adjustment. In addition to the application of
prestresses, ABAQUS/Explicit uses different mesh elements compared to ABAPIA&/d. More
importantly, ABAQUS/Explicit does not support the use of quadratic mesh elements, which were
essential in formulating accurate results in ABAQUS/Standard. Only models with linear mesh
elements can be constructed.

Table 21: Stress concentrations, forces and stress concentration factor for solatle®l (linear) mesh elements in
ABAQUS/Explicit

No Friction / Friction / No Friction /| Friction/
No Prestress No Prestress Prestress Prestress
"max[MPa] | 147,1 186,7 151,9 198,4
F [kN] 13,9 15,8 14,4 16,6
K 1,78 1,99 1,77 2,00
Difference between reference model and De Jesus:
max 46,20% 45,50% 42,34% 27,28%
F 34,75% 31,04% 31,30% 39,83%
K 17,56% 20,96% 16,07% -20,87%




Figure62: Stress distribution in ABAQUS/Explicit. Situations with, from left to right, tbpttom, 1) no friction and no
prestress, 2) friction and no prestress, 3) prestress and no friction and 4) friction and prestress

As can be seen ifiable21 and Figure62, the explicit models remain moderately comparable to the

original reference models that use linear solid mesh elements, in terms of actual stress distribution,

as well as the calculated stress concentrations factors. It should be noted that the stresses in th

rivet heads themselves are slightly off compared to the models in ABAQUS/Standard, but this is
expected given their change in dimensions and different methods of application of prestressing.
However, their actual stress concentrations and forces regyltiom the displacement are even
FTAZNIKSNJ FNRY (GKS SELISOGSR NBadzA (6 6KAOK akKzdzZ R f
been made to approach a more accurate result, such as changing the rivet heads to more accurately
represent the experimerti models, varying mesh size of the different elements, adjusting the

method of imposing displacement, changing parameters in the contact definition and even the
YSGK2R 2F O2yial Ol RSTFAYAGAZ2Y AGaStF3: omdadelsyz2yS KlIi
Additionally, shelbased explicit models have shown even less cohesion with the expected results.
Without the ability to apply quadratic mesh elements to achieve results close to reality, and no
methods to further approach the experimental resulvithout changing the material properties of

the model and risking that they no longer match the material properties of the experimentapset
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4.2.1.2. Reference modéurdkvist et al.

To ensure the bridge joint model can be modelled with assumptions that are backed by
experimental results, another model ésnstructed Thisnew referenceamodel ismodelled based on
GKS O02Y0AYySR 42 N2011pidd LénakVist ét (20233 whiBhihave beén described

in Chapter0. By attempting to reproduce the results from Lundkvist et al. with a slightly simpler
referencemodel,and comparing the experimental foraisplacement curves, the curves generated

by Lundkvist et alnd the curves found for the reference model, an assessment can be made on the
validity of thereferencemodels.If the reference models line up with the results from Lundkvist et
al., their design choices arabsumptions used in these reference modeda be used to construct

the large bridge joint model

'a YSYGA2ySRI 2F (KS HH &LISELYSigdavisteral?2628)RaBeNBS R 0 &
modelled nine. In order to illustrate that the models in this thesis correspond with the work of

[ dzy R1 @A &0 SiG FfodX FyYyR (KdzA LINBPOGARS O2YLI NIFofS NJ
these nine specimens have been modelled: both airglgriveted specimens, with either a
symmetrical or an asymmetrical plate layt.

As ABAQUS/Explicit is used both in the original models by Lundkvist et al. and by the reference
models createdor this thesis many of thedesign choicesan becopieddirectly. It should be noted

GKIFIG ySAGKSNI 5Q! yA St hage sgeiifieseletalmstaipropeieshdyend & & S
the plates beingof grade S275 Therefore,for both the plates and theivets,i KS Ay AGA L | 2
a2 Rdzf dz& 0 9 0 Xtio {(NKaBd the Behsing Hav@kieenddsumed to be in line with modern

day standards: E = 210 GRa ' and ‘T=07850 kg/m. Someadjustments werealsomade on the

plastic behaviour of the model. hére Lundkvistet al. have adopted their elastglastic model to

define the plasticity of the modethe reference modelsake the plastic behaviour directly from

5Q! yAStt2 Si. It Qa8 SELSNAYSyGa

Other factors, such as dimensions, boundary conditions, application ofrggesand contact

z
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The mesh does differ between models. Becauselihidge joint model will besignificantlylarger

than the reference models, and even the joint sl RSt Attt tA1Ste& SEOSSR [
size, different mesh elements ¥ been used.With the large number of straight, symmetric
elements in the joint, the model can be adequately captured bgigubexahedral elements, rather

than the tetrahedral elements adopted by Lundkvist et al., which generally requires favesh

elements andstherefore beneficial for computational timeMore specifically, the reference models

use C3D8R hexahedral meskreénts. Globaklementsize isset to 5 mm, while around the rivet

holes theelement sizds refined to 2 mmThe same globalementsizeof 5 mmis adopted for the

rivet mesh The mesh of the individual elements is displayed-igure 63 (for the symmetrical
specimen) Additionally, the assembly of the different elements can be foumd this Figure
Boundary conditions are applieat the edges othe- two outer plates, while the displacement is
enforced on the inner plateFor reference, e boundary conditions and displacement on the
asymmetricah LISOA YSY YIFI 0 OKSa [ dzyR| PFgarés3. S | £ dQa Y2RSH
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Figure63: Mesh of platerivet and assembly of theymmetricreference model
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curves, and will be used to compare results betwegperimental data and the referenceauels. It

should be noted that, despite the fact a general range has been given for the pregppizsd to the
specimenlLundkvist et al. have not specified precisely what degree of prestredsgdaveapplied

to the different models Therefore,an initial referencemodel (RMX1) has been generated without
prestress applied. As can be seerFigure64, thismodel underestimates thexperimental elastic

and plastic behaviour of the specimenite significantly, and a new model needs to be generated

with some prestress. For this second reference model {RM the expected average prestress of

100 MPa is applied. This produces sigaiiily better results, though thbehaviour of the specimen

in its elastic range is najuite capturedproperly.
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Figure64: Ft curvesRML-1 and RM-2
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Further inspection of the model shows thergeststresses occur within the rivesthank which also
inesupg A GK GKS SELSNAYSyY(dl f NBadzZ Ga | thiRspecizghR| OA & i
exhibits shearfailure of the rivet shank Refining the mds of the rivet shouldherefore produce

more accurate resultRM1-1 and RM-2 are rerun with aefined mesh of the rivefelement mesh

size of 2,5 mmas opposed to the 5 mm which was initially adoptethe results of these reruns,

RML-3 and RM-4 respectively, are displayed kigure65. Despite the fact that an unclamped model

remains inappropriatéo represent the experimental dat&®ML-4 shows a very high conformity with

GKS [ dzy Rl @A &l ,Syiextensich@ith thy xpeBniesitdl resulysiRslight increase in

applied prestress may slightly improve the reference model curves1@tMR appears to be an

adequate assumption.
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Figure65: L curvesRM1-3 and RM-4

In addition tosolidelementbasedmodels, the possibility of utilizing shelementbasedmodels has
been investigatedThe rivet will remain the same as in Riito RM14, constructed from solid
elements, but the plates will consist ghell elements(S4R elements). The mesh element size
remains the same as in the original modé&snilar toRM1, four models have been constructeohd
they follow the same notation as RM1 (with Rl having no prestress aradcourse rivet mesfRM-

2-2 having prestress, but also a course rivet mest).

It can clearly be seen from the forcisplacementcurvesin Figure66 that shell elementsrastly
understate theforce acting orthe specimen when copared to the experimental dateéboth in the
elastic and in the plastic regimeiherefore,shell elements should not be used ttefine stress
concentrations withirany givenmodel
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Figure66: L curvesRM21, RM22, RM23 and RM24
Finally, the asymmetric specimen has been observed.ribdelledspecimen ighe same specimen
as the model by Lundkvist et al. displayadrigure53, though with the design choices basedtbe
models from RM4l to RM 14. It uses the same dimensiofwith the exception of the length of the
rivet, given that there is one fewer plgtethe same boundary and loading conditiomantact
interadions and the same mesh. An example of the assembly can be fouRijime67. Similarly,

notation of thedifferent modelsis maintained for the asymmetric models.
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Figure67: Assembly of the asymmetric reference model

The resulting~t O dzNIZS a coeBponddncdKAITIKS Sy [ dzy R1 GA a i
with RM34 slightly overstating the behaviour of the specimen to the behaviour described by
Lundkvist et al.This may be caused by an overvaluation of the igppprestress As previously

B0 I f dQ:
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mentioned, no precise prestress was mentioned and a prestress of 100 MPa on the rivets is
assumed.

Incidentally, RM3L alsol LJLJISI NB (G2 oS Fy | OOSLIilotS NBadzZ i 02

However, similar to RM1, the critical section in this model is the rivet shank, which suggests that
refining the mesh there should provide more accurate reslecause RM3, which is the same as
RM31 with a refined rivet meshsignificantly understads the behaviour of the specimewhile
RV3-4, similar to RM# in the symmetric modeldoes have prestressing applied awtbsely
resembles the experimental results, it is assumed RK)dkeness to the experimentaksults is
purely coincidental.

120
100 .
80
=23
=,
)
© 60
o
L
/ Lundkvist
40 RM3-1
—RM3-2
20 RM3-3
RM3-4
0
0 2 4 6 8 10 12 14

Displacement [mm]

Figue 68: F curves for RM3, RM32, RM33 and RM34

Given that the experimental foredisplacements graphs of both symmetrical and asymmetrical
assembliexan be captured quite accurately with the proposed modtie same principles used to
build these models can be applied to a subdel of thebridge joint model to capture the local
behaviour of this joint.

4.2.2. Bridgejoint modelparameters andnput

Throughti K& 02y A dNHZOGA2Y 2F NBTSNDGAGEL)aE Eubdkvist ed | 4 S R
It @@3)work, it has been shown that the local behaviour of riveted connections cangiared

quite adequatelyWith this confirmation, thebridgejoint model can be constructedABAQUS has a
standardstep-by-step approach to create a modeh whicheach steps represented by a module.

Figure69 illustrates each of the steps that needs to be performed, including the inputs reqtdgred

fulfil this step. While severalof the inputs are selfexplanatory,such as theplate- and rivet
dimensionsand locationsany inputs that require some additional information will be laid out in this
chapter.

A number of models have been built. The first, main model is a rough model of the bridge joint
model In this model, all plates are constructedttwshell elementaising a coarse meskoes not
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include prestressingand has as purpose to identify any critical points within the bridge juntther
models narrow down on these critical points identify more clearly the stresses and strains around
the critical points often using sutmodelling Theseadditional (sub)modelsmayvary intype of sub
modelling, mesh element size, shell or solid elements, etc. Additionally, several models with
prestressing are considereBurther specifics are discussed in Chapter

[ ] Required inputs ABAQUS Modules
.
Plate- and rivet ] J Part
dimensions rL a
Y
Technical drawings Material properties | J Property
J L
(Annex C and D)
Y
Plate- and rivet locations }— JL Assembly ]
Experimental material
properties \
~
Type of analysis | { Step
>
Case study IV-Infra
Contact interaction N
Interaction
Reference points J
Case studies De Jesus et ‘
al. Boundary conditions )
Load
Types of loads J
Case studies D’Aniello et Mesh size and elements )
al. and Lundkvist et al. Mesh
Local refinements J
Y
~
Job
>
Y
{ Results ]

Figure69: Process of bridge joint modalilding in ABAQUS

4.2.2.1. Materialproperties

According to ChapteR.3.1.1 the bridge joint is constructed from mild steel, whichroughly
corresponds to modern day S283feel. Standardmaterial properties have been takeand are
displayed inTable22.

Table22: Material properties joint model

Name 5Syafkamd ~ |t 2A4az2WRa | Friction coefficients [-]

235 7850 0,3 0,2

CNEY 50! yAStt2 B0 dzfPRBABELSHNAYEYQaE NERSt A& Al
behaviour should be incorporated in the modelBhe plastic behaviour is defined based on
experimental work byBoller & Seege(l987) L i aK2dzZ R 0SS vy 2 mdslius i$ Kol G KS
taken from this workrather than the standard value of 210 GPayure70illustrates the true stress

strain curve they have found to represent S235 steels. ABAQUS requires this truestsaiessurve

for a material in order to model its plastic behavioMore ecifically it only requires the plastic
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region of thetrue stressstrain curve ofthey F G SNA I f @ ! aAy 3 ( KSEqd)ttisdzSa F21
curve is reproduced. By applying the 0;p¥o0f stress, the yield point is found (which is found &t

273 MPa) The plastic region of the curvis then defined bydisregarding the section of the curve

before the yield pointTransforming the remainder of éhcurve byplotting the stress versus the

plastic strain (essentiallgetting the yiedl stress at- 1, and adjusting the curve accordingly

allows forthe plastic region of the true stresstrain curve to be defined and implemented in

ABAQUS.
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Figure70: Experimental true stresstrain curve and its corresponding yield point

4.2.2.2. Analysis type

While the implicit ABAQUS/Standard methwduld normally be able to provide resultsathline-up

with expected experimental results (see Chapte2.1.]), thismethod has proven to benfeasible

for the bridge joint model as the large number of contact interactions cause issues with
convergence in its calculationfollowing the confirmation by Chaptet.2.1.1that the use of
ABAQUS/Explicit igossible too, this method is adopted for the bridge joint modetis method
inherently affects theways in whichthe steps(which define when a boundary condition, load or
otherwise is applid to the model) contact interactionsjoads and mesh elements are defindulit
generally ABAQUS automatically adjusts these settings theg do not require additional
adjustments by the user.

As mentioned in Chaptet.1, the bridge joint model involves a large number of contact interactions,
and considers the elastplastic behaviour of the joint. Therefore,rn-linear dynamic analysis is
required. The steps created for such an analysis are inherently relatethdotype of analysis
performed.For this analysis, dynamic explicit steps are ud&dmally, the time increments in each
of the steps of the analysis directly dependent on the mesh size. Howewercut down onthe
amount of time it takes to run the model, thigme increment sizein each stepin this explicit
dynamicanalsis is set to a minimuwf v Z p 1T , using the mass scaling function.

4.2.2.3. Contact interaction

With the large number of plates and rivets, it is not feasible to individually identify contact between

parts andassign contact pairs accordingly. Thereformilgr to Chapter.2.1.1, contact is modelled

using the explicit general contact method, which is able to automatically identify contact between
different parts Both tangential and normal contact behaviour are modelled ys3 ! . ! v | { Q
recommended valuegind withthe friction coefficient defined ifTable22.
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4.2.2.4. Reference points

Reference points are used to connect the ends of the beams to a singularagitaning for the easy
application of loads or boundary conditiorese points are used at the ends of the horizontal and
diagonal beamsand connected taall the edges of the platesthat make up these beamst the
relevant locationgseeFigure71). Theheight ofthe reference pointalong the beamsoincideswith

the centrelines of the beams akey havebeen defined in the SCIA model of the joimtChapter
2.3.1.2 The connection between the referengeint and the relevant crossection is made through
.lv!{Q NARIAR 02R& O2yaidNrAyltao

Figure71: Reference points and connected edge in the horizontal beam (left) and diagonal beam (right)

4.2.2.5. Boundary conditions angiges ofoads
Boundary conditions are applied in the initial step (which is a step that is automatically created),
before any loading is applied. Several boundary conditions can be identified.

Firstly, the model uses a plane of symmetry in theplayie.Using ths plane of symmetry allows for
only half the joint to be modelledsignificantly cutting down on the number of elements in the
model, as well as the calculation tim&hiscondition puts a Zsymmetryboundaryalong all edges
along the planeof symmetry. TR Zsymmetry boundary

condition restricts displacement indirection and rotations 1 =f======q=========----
around the Xand Yaxis.

From ChapteR.3.1.2 the bottom of the joint islefined as a
hinged support. A single pinned boundary condition i
applied to the plates at the bottom of the joint. Thi
condition restricts movement in all three directions, thouc
rotations are allowed.

Time

—esse e e ...

i}

Figure72: Example o& smooth step
Prestressing of the rivet, if present in the model, is applied directly after the initial step in which the
boundary conditios are set.It follows the same principle as used in the reference models of

72



Chapter4.2.1.1, applying an axial pressure to all the rivet heads. In ABAQUS/Explicit, a timeframe
needs to be defined, which decides how long it will take for the load talhe dpplied. The smooth

step amplitude definition is used, applying the load from 0 to 100% in a predefined step time in a
smooth manner (se€igure72). For this model, the step time is equal to one second. This amplitude
is also used to apply the prestressinihe degree of prestressing is vewariable which is why
several models do nanclude prestressindf it is present a clamping stress of 40 MPa is taken
which is clos¢he lowerstandard deviatiorof prestressindound by Zhou(1994)

The internal loads on the beams stem from the SCIA nemtel NS Y2 RSt f SR & |y WSE
the shear centre of the crossections of the beamsapplied directly to the reference pointBased

on the presumed trustike behaviour of the bridgdt can be stated thathe internal loads on the
main beam and the diagonal beam are inhereméiated to eachother. Thus,only one load needs

to be modelled. The other beam can be restrained in axial direetr@hshould, following the force
equilibrium, experience the same iak force that SCIA findghisboundary conditiongneans no
displacements in axial direction, and no rotations around the other akd¢be beam This would
normally mean assigning local coordinate systems for the bedinas line up with their axial
direction, but the local coordinate system for the main beam coincides withgllobal coordinate
system, so no additional coordinate system needs to be defthede. In the main beam an -X
symmetry boundary condition can be defined (for which the referencatpsiused). The axial force
applied to the diagonal beam is equal to 16%2Kl. Rather than the initial step, like the boundary
conditions, this axial force is applied in the final step, after the application of the boundary
conditions (and possibly therestressing) has completed.

Finally, as the diagonal is subjected to compression, it is susceptible to buckling. In reality this
diagonal has various locations aloitg length in which oubf-plane buckling is restrained. The
plates that accomplish thiare not considered in the model. Therefore, in order to still make the
diagonal refrain from buckling, an additional boundary condition is applied to all parts that make up
the diagonal. This boundary conditions restricts displacement-direction only, preventing the
diagonal from buckling.

Figure73to Figure76 show the boundary conditions and loads applied to the model.

D

D

Figure73: Hinged support boundary condition at bottom of joint
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Figure 74: Boundary condition ir Figure75: Load in reference point and boundary conditions on diagonal beam
reference point main beam

Figure76: Symmetry boundary conditison the complete joint
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4.2.2.6. Mesh sizeandelements

In general, lhe plates in the model are meshed using shell elements. These elements are S4R
elements, which are explicit, linear, quadrilaterakndded shell elements with reduced integration.
The rivets araneshed with solid elements. The elements for this mesh are GélgBients, which

are explicit, linear hexahedral-f®ded solid elements with reduced integration. The actual mesh
element sizeusedin the first mode] both on the rivets and on the plateis, very coarse, given the

size of the total modeland hasa mesh element size of I%m on all rivets and platesThe mesh

itself is automatically generated by ABAQUS.

Figure77: Example of a 15mm mesh on the gusset plei) and a small angle plate (right) of the bridge joint model

4.2.2.7. Submodels

Upon completion of the analysis of the shiedised bridge joint modelseveralpoints of interest
within the joint can be identified (which will be discussed in Chapteo be possibly critical to the
strength and fatigue resistance. These locations need to be viewed in closer detail. However, as the
joint model only uses vg coarsely meshed shalements, it cannot be used for a detailed analysis.
Therefore, submodels can be constructed for this detailed view. There are two methods that can be
adopted to create the sumodels. The first method designs the smodels sepaate from the large
bridgejoint model andtakes internal stresses on the larggdgejoint as input for its own analysis.
The second methoéhcorporates the sumodel directly into the large joint model. By partitioning
the bridge joint model around a point of interestsmaller section can biavestigated more clearly.
This investigation can be done bither refining the mesh in that partan directly, or cutting out

the partition altogether, and replacing it with a separate sectiarsually constructed with solid
elements Refining the mesh in theartition itself has as benefit that it requires vefgw additional
actions. However, givetihat the bridge joint models entirely modelled with shell elements, it may
not provide entirely accurate resultReplacing the partition with a solid elemelpdised section may

be preferred option, as it generally provides maeurate results.

While the first method would be beneficigb limit calculation times, as the bridge joint model would
only need to be run once, the extrapolation of internal stresses in shell elements to the cross
sections of solid elemertased models has provemreliable, reslting in excessive stresses around
the edges of the modelwhich in turn affects the stress distribution throughout the subdel
completely.Therefore, the second method has been adopted in this report.
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Meshelementsizes in the refinedub-models, either with shell or solid elements, are set to 2.mm
This matches with the refinement of the mesh adopted in the reference nsoem Chapter
4.2.1.1 Both shell and solid esh elementypesmatch those mentioned in Chapter.2.2.6

In the case the partitioned section is replacsdh a solidbased sectionthe contact between shell
elements and solid elements needs to be establish@BAQUS provides a shelsolid coupling

constraint, which is usetb bind the two crosssectionsof the shell part to the connected cross
sections of the solid parAn example of how they are connected is showrrigure78, as well as
how the solid submodel b integrated in the large bridge joint model.

Figure78: Shelto-solid connection (top) and the integration of the solid-sutdel with the shelbased bridge joint model
(bottom)

All plates within the boundaries of the point of interest have been modelled with solid elements, to
ensure that contact between the plates themselves and the plates and the rivets caonbelered
adequately. The sulmodels considered are primarily sitieal in the XYplane of the modelWhile
some of theplates in the submodels do have flanges situated in thi&plane of the modelas they

are originally angle platesncorporating them into the subnodel would cause issues when
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