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ABSTRACT

Hot-driven rivets were extensively used in iron and steel structures in the
past. Nowadays, these constructions represent an important part of the
architectural and cultural heritage that needs to be preserved and
protectedThe majority of historic steel structures is still in service and is
exposed to loads larger than expected. The reliability of thetseestru

iIs also affected by deterioration and the poor quality of material
(Sustainable bridges 2006).

After several decades from their erection, this class of constructions
reveals some damages and/or structural inadequacies (Guerrieri et al.
2005). These types of constructions are generally characterized by
trussed structural schemes. Hence, the failure of connections can
produce the overall failure of the structure, because the riveted
connections represent the weaker elements of thesgesiuc

These considerations lead to identify the vulnerability of connections as
the crucial g®ct conceling the structural capacity of ancient metal
structures.

Hencethe present worls devoted to investigate the structural capacity
of lappedriveted connections loaded in shear typically adopted in aged
metal structures still in servi€ee aimis the development o valid
methodology of prevision of the existing rivetethection®ehaviour

After a preliminary study dhe technology of riveted connectiansl

the rivet forming procesand in particulaon the effects of hot driven
process on the overall behavjoarreview of the actual codes
prescriptions is reported, highlighting the approximations in the
prescribed verifidahs and providing to a description of the local
phenomena that characterizes the connection behamookerview

on the prior research oivetedconnectionss also pesentedin which

the experimental studies and the numerical simulations prapaked
studied up to today ardiscussed andlescribed The literature
experimental and numerisaldes on riveted connectiongeed to be
exterded to different materials, geometries and configuratimesto

the sensitivity of the connection response tondneufacturing process
(Hechtman1948;Schenkeet al., 1954, Munse, 1970)
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To this end a large experimental investigation carried out within the
framework of the European project PROHITECK detailed
descriptionof this campaigris reportedafter a detailed illustration of

the setup of experimental tests and of the monitored parameters, the
results are presented and discussed. On the basis of a careful revision of
results, in the final part of the chagteheoretical formulation on the
failure verifications of these connections is proposed, by revigihy the
1993 18 2005ormula.

On the basis of the experimental resutshighly detailedveted
connectios F.E.modelis proposedThe geometries and the mechanical
characteristics are described, and contact interactions are illustrated. The
element type and the mesh sizing are highlighted, and the rivet clamping
model is described. The calibration of the fRdglel is also illustrated.

At last, the numerical results are reported and discussed.

The work ends with a@omparison between numerical and proposed
theoretical results to verify the reliability of the theoretical equations and
F.E. results. In this amner, a useful tool to predict the behaviour of all
types of riveted connectioisprovided. To this end, the magnitude of
numerical results was compared with the proposed theoretical formulas,
to ensure both the good accuracy of F.E. model anelitizlity of the
proposed equationAt last, the main conclusions of the work, together
with possible furthetevelopments for future research, are illustrated
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1 INTRODUCION

1.1 GENERALITIES ON RIVET ED CONNECTIONS

Hot-driven rivets were extensively used in iron and steel structinees in
past. Nowadays, these d¢omdions represent an important part of the
architectural and cultural heritage that needs to be preserved and
protected. Historic metal structuredude seeral typologies, darge

span roofing of urban mes, gasholdstructures and railway
construt i ons (DaZn0).el l o et al

Railway structures represent a considerable part of conshectage

in many European countries. In ltaly, the railway netinvolkdes
approximately 3500 steel bridges and 14 000 radfictructures. The

main part of these constructions were buitierperiod 19441960 and

were assembled by riveting, althdough-strength bolts started to be
used in the 193(@Batho et al., 1934).

The majority of historic steel structures is stidéiice and is exposed

to loads larger than expected. The reliability of these structures is also
affected by deterioration ancke thoor quality of material (&usable
bridges2006).

After several decades from their erection, this class of constructions
reveals some damages and/or structural inadequacies (Guerrjeri et al.
2005). The ancient metal structures, generally made of puddled iron or
wrought steel riveted plates, were built on the basis of the eepenien
timber constructions, ceaquently whibut an adequate knowledge and
maurity about typicalspects of design of steel stnoes. These types

of constructions are generally characterized by trussed structural
schemes. Hence, the failure of connections can produce the overall
failure of the sticture, because the riveted cotinas represent the
weaker elements of these stmes.

These consideratis lead to identify the vulability of connectiaas

the crucial aspect condem the structuratapacity of ancient metal
strudures.
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1.2 OBJECTIVE OF THE RESEARC H AND METHODOLOGY

The research presented in this work is framed irexberimental,
theoretical andiumerical studiesimed at the development afvalid
methodology of prevision of the existing rivetathectiondehaviour

Indeed, dspite rany studies have investigated the behaviour of riveted
connectiongit is necessary tdeepen the behaviour of these joints
varying the geometries and the material characteristics.

Then, the first objective is thgtensiorof the existingesultghat have

been obtainedn literatureto different materials, geometries and
configurationsdue tothe sensitivity of the connection response to the
manufacturing proceddgchtman 1948;Schenkeet al., 1954, Munse,
1970) Moreover, theactual codes weription for this kind of
connections should be revised. The modern o@d¢s1993: 18)

indeed treats thstrength of riveted and bolted lap shear sphicas
similar mannerdespite the different manufacturing process, with the
exception of slipesisainceln EN 1993: 18 riveted connectiorsse not
consideredhs a sligesistant typebutas a bearing type, owing to the
variability and low average value of clamping force.

The second objective is the evaluation of the riveted connections local
phenomea to propose corrective factors to the actual codes
verifications. To this end, it is necessary to consider the dftieters,
including loading conditions, geometric and mechanical parameters and
manufacturing proceduyrewhich affect he capacity ohot-driven
connectionsMany variablesoncur in te installation of hatriven

rivets the driving and finishing temperature, driving time and pressure.
Indeedas gi ven by Do Aafter ihd rlvais have beenl . (2010) :
heated to a high temperatuhes manufacturing procedure requires that
the plain end of the fastener is forged into a head by means of a
pneumatic hammer. Then, when the hot rivet cools, it shrinks and pulls
the parts tightly together. Thus, a residual clamping force and a pre
stresgg in the rivet, with a partial slip resistance of the joint are
obtained. The grip lengththe rivet diameter,the materal and
fabrication methodologyare some of the many parameters that
influencethe prestress statefor this reasora reliable caltation
method to determine the pstress state of the rivet is not availakde

well as the installation of rivetise drivinginfluences noticeabtihe
strength of rivets and plates reported in Munse (1970), Fisher et al.
(1969)and Schutz(1952) the results of existing testsowed that the
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tensile strength of riveteuldbe increase by driving procesby up to

about 20% with respect to undriven riv€tstthermore, beside the
increase of strengthcansiderable reduction in elongation capaeis
observedthus resulting ibrittle behaviourAnother phenomenon that

could be affect the riveted connections behaviobe ethnique used

to perforate the plate&.s gi ven by DO Amoidenktdlo et
structures, holes were obtaibgdechniques such as: drilling, punching,
subdrilling and reaming, punching and reaming. Their effects on shear
connections are important when splices fail by tearing in the net
sectiod. With the aim tanalyze the influence of different parameters

on the shear capacity of typical lap shear connections representative of
historic structural typologigsterms of structural verification according

to the modern codes, a wide experimental investigation was carried out
within the framewdt of the PROHITECHproject (2005)

The third and last objective is the development of a reliablade&.

of the tested connections, which could be extended to any other riveted
connections. On the basis of the tests results, a 3D, highly detailed, finite
element model ofour different typologies of riveted connections is
implemented, and the numerical results are compared with the
experimental and theoretical ones, to ensure its reliability. In this way,
the behaviour of all types of riveted connections could be dended,

useful tool could be proposed for the evaluation of the vulnerability of
ancient riveted connections.

1.3 OUTLINE OF THE WORK

This work is organized intight chapters. After brief introductory
remarkson the generalities of thaveted connectionsn the main
objectives of the research and on fillowed study methodology,
reported in Chapter 1, thestoryof riveted connections described in
Chapter 2. Since theveted connectionsre proposed as main
connection systeto join metallic membeis historic metal structures,
some considerations onhe development of this technique during
historyare providediocusing on théechnological innovations in terms
of field riveting process.

Chapter 3 deals with theatures ofiveted connectiongocwsing on
their mechanicddehaviour and on the related practical advantdges
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technology of riveted connections are illustrated, and the rivet forming
process is described, focusing on the effects of hot driven process on the
overall behaviour of thesennections. A review of the actual codes
prescriptions is reported, highlighting the approximations in the
prescribed verifications and providing to a description of the local
phenomena that characterizes the connection behdWieuinal part

of the chateris devoted to an overview on the prior researciveted
connections, in which thexperimental studies and the numerical
simulations proposednd studied up to today are presented and
described.

Chapter 4 consists in a detailed description of & exiperimental
campaign on aged riveted connections, devoted to determine the
characteristics of aged steel materials and of historic riveted connections
behaviour. After a detailed illustration of theigeif experimental tests

and of the monitored paneters, the results are presented and
discussed. On the basis of a careful revision of results, in the final part of
the chapter a theoretical formulation on the failure verifications of these
connections is proposed, by revising=thel 993 18 2005ormula.

Chapters deals with the use of numerical analyses, based on the Finite
Element Method, for the investigation of the behaviourivefed
connections. General information on the Finite Element Method is
provided, andthe main characteristics of tABAQUS advanced
computer program areriefly describedin the second part of the
chapterthe attention is focused on ttieetedconnectios F.E.model.

The geometries and the mechanical characteristics are described, and
contact interactions are illadtd. Theelement type and the mesh sizing

are highlighted, and the rivet clamping model is described. The
calibration of the E. model is also illustrated. At last, the numerical
results are reported and discussed.

Chapter 6 deals with the comparison betweenerical and proposed
theoretical results to verify the reliability of the theoretical equations and
F.E. results. In this manner, a useful tool to predict the behaviour of all
types of riveted connections will be provided. To this end, the magnitude
of numerical results was compared with the proposed theoretical
formulas, to ensure both the good accuracy of F.E. model and the
reliability of the proposed equations.

At last, the main conclusions of the work, together with possible further
developments fduture research, are illustrated.



2 RIVETED CONNECTIONS IN HISTORIC
METAL STRUCTURES

Hot-driven rivets were extensively used in iron and steel structiiees in
past. Nowadays, these ¢amgions represent an important part of the
architectural and cuttd heritage that needs to be preserved and
protected. Historic metal structuredude segral typologies, darge

span roofing of urban EEges, gasholdstructures and railway
construtonsD 6 Ani e ]2016). et al

Railway structures represent msierable part of constructiberitage

in many European countries. In Italy, the railway netiwohkdes
approximately 3500 steel bridges and 14 000 raticstructures. The

main part of these constructions were buitiérperiod 1911960 and

wele assembled by riveting, althobgihstrength bolts started to be
used in the 193@Batho et al., 1934).

The majority of historic steel structures is still in service and is exposed
to loads larger than expected. The reliability of these structigses is a
affected by deterioration ance thoor quality of material (&isable
bridges2006).

After several decades from their erection, this class of constructions
reveals some damages and/or structural inadequacies (Guerrjeri et al.
2005). The ancient maéstructures, generally made of puddled iron or
wrought steel riveted plates, were built on the basis of the expenien
timber constructions, ceaquently withd an adequate knowledge and
maurity about typicalspects of design of steel stuoes. hese types

of constructions are generally characterized by trussed structural
schemes. Hence, the failure of connections can produce the overall
failure of the struate, because the riveted cotinas represent the
weaker elements of these stmes.

These consideratis lead to identify the vulability of connectianas

the crucial aspect condem the structuratapacity of ancient metal
strudures.

Hence his chapterprovides an overview of the above mentioned
connections, describing the most cmmly used in the field of
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constructions, the technology of riveting process, the actual codification
guidelines, and the state of the art

2.1 RIVETED CONNECTIONS | N HISTORIC METAL
CONSTRUCTIONS

During the 18 century, the advent of new materials, sucleelsastd

glass, allowed the development of new structural typologies and the
decline of the masonry as unique structural material. This technological
revolution changed the structural design, and determined a
transformation of the methods and the typesons$teuctions (Parrilli,

2010).

The replacement of the masonry buildings with cast iron columns
represented the first main transformation. This replacement made
possible to have more space to accommodate the bulky machines of new
industries (Parrilli, 20110

Moreover, at the end of ™8in Britain, a lot of timbe® floored
factories burned due to disastrous fifeese structuresere replaced

with metallic frames, and allowed the development of iballexb
fireproof buildings (Parrilli, 2010).

Another important transformation was represented by the development
of new typologies of bridge structures. The mechanical properties of the
metal material, such as the good response in terms of strength and the
possibility to realise light structures, allotveddevelopment of long

span bridges.

2.1.1 Riveted Bridges

2.1.1.1 Coalbrookdale Bridge

The Coalbrookdale Bridge, denominated Ironbridge, was erected in the
summer of 1779, and opened in the 1781.brfidigerealised with the

aim to cross the SeveRiver representhe industrial revolution and the
progress reached by the English industry.

This bridge, designed by Thomas Farkaithard andealised by two
ironmasters, Abram Darby and John Wilkinson, traced the ancient
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masonry arch bridges. The span is 30 maondghe height from the

river level is 20 m. The Ironbridge presents also two main spans, and
two secondary spans. The piles were strengthened to avoid problems
with vibrations induced by the passage of trains. These vibrations,
indeed, could determinetadslity problems in the iron elements.

Some years after the construction, this bridge presented cracks in the
abutments and in the piles, some were repaired by means of wrought
iron and steel belts, and others remained exposed. In 1934 the vehicular
traffic were interrupted, nowadays this bridge represent an important
historic heritage and it is included into UNESCO world heritage (Ryall et
al., 2000).

Figure 2.1 Coalbrookdale Bridge

2.1.1.2 EadsBridge

The deelopment of new structural typologies for long span bridges
continued in USA, whene 1874waserected th&ads bridge with the
aim to join the Missouri with lllinois.
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Figure 2.2 Eads bridge

At thattime, this bridge was the longest bridge ever built. Indeed, the

entire structure was 1964 m | ong. I ts name
name, James B. Eads. The structure is composed by three spans of upper

deck arch bridge. The main span is the cenegahimh has a length of

170 meters. The constructiechnique of the Eads bridge demonstrates

a huge progress from the Ironbridge: the beams, indeed, are composed

by two hollow sections joined each other by diagonals. All the joints are

riveted connectionslhe piles are supported by reinforced concrete

foundations. The marine traffic is ensured by an height from the

waterline of 27 meters (Fierro, 2009).

2.1.1.3 Forth bridge

At the end of 17 century, a new construction technique was introduced:
the cantilever damsA cantilever bridge is formed by -sefbporting

arms anchored at and projecting toward one another from the ends; they
meet in the middle of the span where they are connected together or
support a third member.

The Firth of Forth Bridg€Frig.2.3)in Scotland is a cantilever bridge, a
complex version of the truss bridge. Rigid arms extend from both sides
of two piers. Diagonal steel tubes, projecting from the top and bottom
of each pier, hold the arms in place. The arms that project toward the
middke are only supported on one side, like really strong diving boards.
These "diving boards," called cantilever arms, support a third, central
spanAll the connections are riveted.
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Figure 2.3 Forth bridge.

The initial designer of the ForBridge was Sir Thomas Bougha

famous bridge engineer, known also for the constructtbe ohilway

bridge over the Firth of Tay with a total length of 3200his multiple

span truss bridge collapsed after a heawy std879, when a train was
crossing the bridge (Fierro, 2009).

After this episodeThomas Bouch lost all credibility with the railway
company, his successors, J Fowler and B Baker, having to illustrate the
statical principles of their design to theip(big.2.4 3.

Figure 24 a . Bakerds human <cant i IBedgee(Yisitor b . a
centretrust Forth Bridge)

The bridge, which today is considered to be a unigue and gigantic
construdbn, is a masterpiece of engineering work. The depth of the
truss above the piers is 106tine, main tubular members aré B in
diameter, and the whole bridge used 42.000 tons of steel and at times
required up to 4.600 workers at the site to undertaekeothplex
method of constructiorii{g 2.5).
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Figure 2.5 Forth bridge: construction phases

2.1.1.4 Garabit viaduct

In the late 1800s, a mountainous barrier blocked the railways from
reaching Southern France. ffears, engineers tried to figure out a way
to bridge the windy Garabit Valley in France's Massif Central.

Figure 2.6 Garabit viadict.
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Finally, one of the era's best engineers, Gustave Eiffel, cantie aip wi
brilliant solutionlndeed, the original designers, Boyer and Baudy, turned

to Eiffel due to his huge experience in bridge construction (Fierro,
2009). To contrast the wind, Eiftlsignsa truss arch, that offers a
minimum surface to wind forces albbws the natural passage of the

air. This arch was larger at the base, as the piles, to be more stable and to
avoid swing problem#&n ulterior technical progress was the huge
height of the bridge from the waterline: 122 meters (Billington, 1983).

2.1.1.5 Brooklyn Bridge

One of the most important and innovative bridge was the Brooklyn
bridge, one of the most ancient suspension bridges in USBriddes
designed by John August Roebling in 1883, links Manhattan with
Brooklyn, crossing the East River.

Figure 2.7 Brooklyn bridge.

11
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The R o e b lidean a8 ®or a suspension bridge for railway and road
traffic with a span of 486 m. ButAJ Roebling was not able to realis

the project himself due to a mortal d&ci on site during surveying
work, only 3 years after winning the contract. His son took over his
position, but during the work in the pneumatic caissons for the
foundation of the towers he suffered a serious collapse from caisson
disease. From that tinom he was an invalid, bound to his bed and
suffering from a nervous disorder. He ran the project from his sickroom,
located close to the site, watching the progress of the work through a
field glass from his windo(fierro, 2009)His wife, Emily Warren
Roebling dedicated her life to the bridge, became his assistant and kept
contact with the workers and fellow engineers. When the Brooklyn or
East River BridgeFig. 2.7) opened in 1883 it was a masterpiece of
engineering work, the largest bridge in the wbhle towers, built of
masonry, were 107 m in height; the anchor blocks 60.000 tons in weight
each; the 4 cables 40cm in diameter, consisting of 5358 wires each;
stiffened by a deep trussed deck girder and a large number of diagonal
stays.

After more tharl00 years since it was opened, the Brooklyn Bridge is
still in use.

2.1.1.6 Golden GateBridge

One of themasterpiecdsetween suspension bridges is the Golden Gate
Bridge, whicHinks San Francisco with the Ma@iounty The idea to
connect the Golden Gate disaivas proposed by James Wilkins, who
claimed the necessity of a new infrastructure to guarantee a faster and
safer passage of the strait. In 1917, the bridge was called Golden Gate
for the first time by the urban engind&r H. O'Shaughnessyhe

bridge las a total length of 2.71 km, the central span length is 1.282 m
and the total height from the waterline is 67 m.

In this kind of bridge, the main beams are supported by suspension ties,
connected to suspension cables; the diameter of the suspensisn cable
91.34cm. When the Golden GaBridgewas built, in 1937, it was the
longest suspension bridge never built, and became the symbol of the city
of S. Francisco.

The designer of the Golden G&®edgewas Joseph Baermann Strauss,
who initially designed ade cantilevearidge, whichvas not approved.

The final Golden GatBridgewas erectethanks tahe collaboration of
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Irving Morrow, responsible of the decoration, the engineer Charles
Alton Ellis and the bridge designer Leon Moig§edfro, 2009).

Figure 2.8 Golden Gate bridge

The Golden GatBridgewas opened in 1937, and, until the 1964, it was
the longest suspended bridge in the world. The towers are 225 m high,
and remained the tallest in therld until the construction of the
AkashiKaikyo.

2.1.1.7 Sydney HarbourBridge

Sydney HarbouBridgeis a steel arch bridge, for railway, cars and
pedestrian traffic.
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Figure 2.9 Sydney Harbour bridge

This lridge was designed in 1923 by Bradfield, in collaboration with
Laurence Ennis, Ralph Freeman Aritur Plunkett The construction
began in 1928 and was assigned to Dorman Long & Co.

The construction method was a cantitevethod: starting from the
pilesthe two haHpart of the bridge was joined together in thesgeaah.

(a) (b)
Figure 2.10a. detail of iiveted connections; b. rivet from the Sydney Harbour
(Mackaness, 2006)
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The bridge was opened1if30;its safety was guarantee by testing the
bridge vibration caused by the passage of trains.

A great part of the bridge steel, about the 79%, was produced in
Middlesbrough north England; the remaining part was produced in
Australia. The total weigbt Sydney Harbour bridge is 52800 tons, the
total height from waterline is 134 m, and the length 503 m. For the
connections, more than 6 millions rivet, realized in Lancashire (England),
was useFierro, 2009)

2.1.2 Riveted Monumental Constructions: the EiffelTower

One of the most important metallic structures is represented by Eiffel
tower, symbol of the industrial progress and icon of France. The tower
was conceived in 1887 for the Universal Expo of 1889, and was designed
by Eiffel.

Figure 2.11Eiffel tower.

The main challenge of this construction was the wind resistance, due to
the huge high. Eiffel conceived a tiiasger, whichallows the natural
passage of the wind, with a pyramidal configurationatantee the
stability of the constructi¢kierro, 2009)
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The total weight of Eiffel tower is about 10000 tons, the metallic
structure, instead, weighs 7200 tons. For the connections, more than 2
million and half rivets were used (Billington, 1983).

2.2 HISTORY OF RIVETED CONNECT IONS

One of the most important study of riveted connections, from the

historical point of view, was performed by Dario Gasparini, ASCE

me mber , and Dav i dAme®anmiusss bridgel 9 9 7 ) . 0
connections in the 19 century. II: 185019@6 i s a <chronicle of
American metal bridges and of the use of riveted connections. Authors

wrote that, after the introduction of iron, the construction field was
interested in particular byThdad he erection of
Directory American rbi d g e buil ding, O8npani eso (Darnel |
recent study (Simmons, 1989) deepened the influences and the
organization of one of the most important company in bridge
construction.

The rise of company of construction entailed the decline of independent

desgner and builder: engineers began to affiliate themselves with bridge
companies and railroad. Each company had a patrticular style of bridge

and operated in a particular geographic area (Cooper, 1889).

After an accurate description of bridge structuralvation, authors

deepened the riveted connections. The design of riveted connections

remains largely empiritecause stresses depend on many parameters

that are highly uncertail\s described by authors (Gasparini et al.,

1 9 9 Btjessesdlepend not ooitythe loadingnd the geometry of the

connection but also on the clampiagce provided by each rivet, the

friction between the plateke actual details of the holes and rivets, and

on the deformationsf the plates being connected. Such complexdty wa

very disheartemj to mid19th-century engineefrhey haanly recently

developed the ability to compute stressbsams and trusses and had

adopted a workingtress desigphilosophy. Since stresses in riveted

connections were impossitite compute, mgineers were forced to

measure or predithe strength of riveted connections and then limit

loads to draction of i6. RichardDeJonge of the American Society of

Mechanical Enginegil@eJongel945) defingsn a bibliographyof the

technical literaturen rivetedconnectionsthe steps ofhe development
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of riveted connections, starting from tlse of iron as a construction
materiauntil the development a@fvestigations dhe stress distribution

in riveted plates.

The first periodvasdominatedby British experimentatioand bythe
fabrication of ships, lattice trusses, and briti#mm Fairbairn (with

Eaton Hodgkinson) in 1849 and 185@ by Edwin Clark (with Robert
Stephenson) in 1850 published the first experimental results on riveted
connet i ons. As described by Oathd hor s
basis of these experiments Fairbairn estimated the dtiengths of a

solid plate to the doublveted lap joint and tthe singleiveted lap

joint as 100:70:66

Many other issuesgardediveted connectionss the best kind aket

pattern the best manufacturing of plate holes (punching or driti@g),
optimumriveting procesghe geometridetailsand so on. @ly after the
accumulation of experimental and field dataneersound an answer

to all these questions.

Fia. 1. CanroLL THrouaH LATTICE

NRNRRRRRN 2 NN
NNNNNNY e’ <P
100"
Fla. 2. HiLTon THROUGH LATTIGE
\"
180~ J
Fia. 3, HILTON LATTICE
[

Figure 2.12NYC Railroad All-Riveted Lattice TrusseqGasparini et al., 1997)

The passage f r methodeohrivalingteahnologgvasa p 6
documented bywilfrid J. Lineham's 1902 Textbook of Mechanical
Engineering In his study, he described how hydraulic rivetiag)
introducel in 1865by Ralph H. Weddellwho dvelopedalso the

0 p o r thgdbaulie rveter in 1871, ands thdirst that applied it to
bridge erection in 1873, on the Primrose Sregge in London.
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The method of creating the holes for riwetss another American

controversyrevolvedaround Dirilling was preferred to punchirags

described in th&885 railway mechanics repbut, w thé Ibather

liked uct i | then availkaldel the expense of drillingneasnger

justified. The rivetingtechnique representexhother issue revolved

around In the early 1870sngineersot approvedachines that riveted

obyasigl e s g u eva preferred naultiptestroke steam piston

riveter. By the 1880s, shop riveting dase by a hydraulic piston,

ohaving the merits of a singlese squeeze and the adjustability of the

steam pistal The solid workproduced by thisydraulic pistodid na

require any supplemertain d wor k i n acaukicess known as o0
A steady strearof activityon the design of dilvetedlattice bridges

begann the United Statédsom about 1857 to the late 1880s, principally

for the New York Central (NY@ailrad. Howard Carro(l brilliant

young Il rish engi neer ,thoreughlg imbued ohn MacNeil 6s
with English idedsdesigned the earliest lattice trugSgs2.13. The

Gray's successor, Charles Hilton, working with Geordgédtinson

modifiedand inprovedthe GrayCarroll designshey were employéd

Americanizinghe riveted lattice trusA lattice truss designed by Charles

Hilton for the NYC Railroad is showntlive nextrigure

Figure 2.13 Canestota Station AHRiveted Lattice Blidge Designed by Charles
Hilton (Gasparini et al., 1997)

The chief NYCengi neer George E. froGinay, with oassis
1877 Hilton wrote in a letteto the editor of The Railroad Gazdtiat

oin the preceding sew years one builder had constructed &wvarof

lattice bridges and that this was probably leskdlfasf the total length



2. Riveted Connections in Historic Metal S

of lattice bridges built in the UnitSthte§ ( Gaspar i.miC. et al
Clarkeand Walter Katten a discussian Greine @aper 1899, noted

the satisfactory performarafdattice bridges for over 20 yearsl897

in an historical paper by Gray with a discusbypnrhomson (Gray,
1897),Gray claimed that in 1859 the NW@s the first to build an all

wrought iron, alfiveted railroadruss Thomson néirstes t he
design by Howard Carroll, was the bridge over the MdRiaek at

S ¢ h e n ewhichacdngisted of ten 20.4 m deck trusses, and that the
"first specification for rivetdatidgework known to the speakemaade

by Carroll is datetl 8 5 This,.as reported by authors (Gasparini et al.,
1997 was the prototype for lat®thcenturyriveteavork
specificatior® Thomsonwas considered the mamoponentof alt

riveted trussedndeed, he wrote in 1888pape in Engineeringpn
OAmeri can Bridge F allriVeted eesignare decr e
superior, particularip case of accidents "fault" conditionsCooper

(1889) and Waddell (188€riticized strongly Thomson's position

Coopem o t e driveted Htice givders have beased quite generally

on all our railroads for short spans ancertainihes of railroad for all
spansé. H eraisédi thgold lissug bftfiedddriveting to explain

why a large span thate c e s sso tmadh eivktingd of imp@ant
connections at theridge site, where that care and accuracy attainable at
theshopscamot b e d e pwonldmthbe acqgeptableniany

In 1907the collapse dfooper's pifointed Quebec Bridgecentuated

the conflict bad-rivetezl datticariiss sama®lo na nsd 0
Cooper ' s rAmericas pifoiatadimussoschodl . Thomson
deeply beved thatmore recognitiorto the pioneeringNYC lattice
bridgescould be deservedfor the developmentf design procedures

and construction pctices foriveted jointsHe al so at-t acked
sheet engi neer i nafide, truspea ywhretaticdllye c a u s e
indeterminateand bar forces had to be estimategsing approximate

methods Probably the computation of bar forces in statically
determmate trussefell into disuséhe lattice formdue to theénesitation

of engineerso use approximate methp@sen though lattice trusses

had, in general, performed wdlh the 1880sin Britain and in the

United States largeale tests of riveted j@ntvere performedas

described bype Jongeln 1879a research committee on riveted joints

was formed byhe Londorbased Institution of Mechani&aigineers

During the 1880sthe committee's reportsvere issued periodically
(Dedonggel945).In 1881 rivdaed connections began to be testetthe
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United Stateby the Watertown Arsenal in Massachusktisy testes
wereperformed byWatertownexperimental facilitfor a lot of clients,
such as the Berlin Iron BridGe. (in 1896) and George S. Morison (in
1901)

558,140, RIVETING AND PRESSING MACHINE CHESTER B
ALBREE, Allegheny, Pa.  Filed Jan 9, 1398, Serial No. 574,904. (No
model)

Figure 2.14 Portable Hydraulic Riveter Patented by Chester B. Aree In 1896
(Gasparini et al., 1997)

The bases for conservative methods for determinengnumber of
rivets required to transfedlaadwas formed thanks to themed other
tests Lloyd's Register (Mercut891), the British Board of Trade,
Theodore Cooper 888), and othemsublishedempiricalrules for rivet
sizes andpacingln 1896 the firstportable hydraulic rivetegsatented

by Chester BAlbree (Fig. 2.19, becamewidely available for shop
riveting.In the lée 1890s pneumaticdevicesfor field riveting were
developedasthe Boyer longtroke pneumatitammer showm Figure
2.15. The erection gfand aftivetedbridgessuch as the Firth &forth

Rail Bridge and Leffert Buck's Niagara Gorge trasskdcompleted in
1897 testified e growing ability to design and execute riveted
connectionsGustav Lindenthal comment#dtht Buck's s of riveted
connections wamnoa lemarkableeviation from American practice

The PRR truss bridgeith riveted, gusset plate connecti@sh®wn in
Figure 2.16exemplifies the brutal endpoint of the evolution of 19th
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centurytruss connectionsery distanfrom the connections of therlya

prestressed trusses, the proprietary, crafted joint castingdoéigiee
companies, and the relatively delicate pinned joints.

THE BOYER LONG -STROKE PNEUMATIC HAMMER

Figure 2.15The Boyer LongStroke Pneumatic HammernGasparini et al.,1997)

m Diaphragm: tantaes %, L5
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Pounsylvania Linea Wesbof Pittaburg.
ical Details of 231-ft. Double

Deck Truss Span, Built 1909.
(See Chapter 1X.)

e 26 €40 € of Chordls
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Half End View.  Half Intermediate
Section.

Figure 2.16PRR All-Riveted Bridge Built in 1909Gasparini et al., 1997)
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3 RIVETED CONNECTIONS : STATE OF
THE ART

3.1 TECHNOLOGY OF RIVETED CONNECTIONS

3.1.1 General

Connections represent the most imgartand the weakest part of
metallc constructions Indeed, an understanding of these joints
representan important and essential step.

Steel members and elements are connected each other by fasteners, that
allow the transfer of forces by one elemennothar one. Connections

are devices devoted to restore the continuity of metallic elements.
Connections in metallic structures are subdivided into three different
typologies: riveted, bolted and welded connections.

The joints, instead, are sets of conmest both of the same or different
typologies.

The oldestypology of connection rsveted connectionsisedmainly

from the end of I'8century to the half of 2@entury. Todakot-driven

rivet connections aret used anymore; caldiven rivets, inead, are
commonly adopted to join together thin plates and cold formed profiles.
Colddriven process is commonly used for rivets with a small diameter (d
< 6 mm); hotdriven rivets, instead, are adopted when rivets have a large
diameter (d > 10 mm). Fdiameters included from 6 to 10 mm both

cold and hetriven process are allowed.

Differently from bolts, hedriven rivets cannot be separated from the
connections. To disassemble the riveted connections, the rivets must be
destroyed, removing the headhwblowtorch or with chisel. The
disassembling of connections is possible when bolts are used: this kind
of connection is cheaply and easier to realise. Bolts were used also at the
end of 18th century, when the thickness of the joint was huge or when
rivets are subjected to tensi@ierro, 2009)The installationof rivets
wasperformed after rivets weneated up to approximately 900 °C. This
temperature was deemed to have been reached when the rivets in the
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forge took on theoc a | | e dr edd @dhAdieranitalledthe rivet

cooled off and returned in its original configuration. This phenomenon,
contrasted by the thickness of the plates, induced tension stresses into
the rivet shank and compressive forces on plditissphenomenon is

called claping action. The amount of tension stresses was proportional
to the length of the shank, and usually could reach the vyield stress.
Sometimes this phenomenon caused the-bpeak the rivet for the
separation of the head from the shank, especially vehenethshank

was very long. For this reason, bolts were preferred to rivets for huge
lengths of the shank. To avoid an excessive amount of tension stresses
into the rivet shank, bolts were also chosen when the shank could be
subjected to tension. Theseravéhe only cases in which bolts were
preferred to rivets, and for this reason bolts were considered as a second
best (Fierro, 2009).

PR LRMs o v S W R

-

-

Figure 3.10Id steel section realised with riveted connections (Marriigr, 1925)

Bolted and riveted connections do not permit the joining of plates in
orthogonal arrangement, for this reason were designed and produced
approprate steel angle profiles (Fid.) 3hat allow the connection of
perpendicular plates (Marru)li25).
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3.1.2 Rivets: typologies and manufacturing

Rivets are made up of a head and of a shank. The shank is a round
ductile steel bar piece, with a head at one end ([20gg8l

Round countersunk Snap

_pee— ree—— i}

Flat countersunk Pan

Figure 3.2 Types of rivethead

There is four main typologies of head shape: snap head, pan head, round
countersunkhead, flat @untersunkhead (Fig3.2): the most common

type of rivet head is the snap one. The main characteristic of the shank
geometry is well described by Duggal0 0 0 ) : 0The shank i
length to extend through the parts to be connected and an extra length
for a second head to be made at th
is the sum of the grip (distance between the two heads) and the extra
length equired to make the second head. The total length of the rivet
shank could be approximately calculated as:

a ppO pdA (3.1)

where | is the shank length, s is the thickness of the plates to connect,
and d is the hole diameter (VM&3996).

The formation of the second head is obtained when the rivet is heated
up 900€ by hand hammering, hydraulic pressure driving or by
pneumatic pressure driving. The diameter of the rivet shank is called
nominal diameter. The holes in the plates to be connected present a
diameter slightly greater than the shank diameter. The maetrtisd

into holes and the second head is formed on the other side. This process
is called riveting (Dugg2000).
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Hydraulic pressure driving and pneumatic pressure driving are
performed by using riveting machiriRiweting machines are used to
automatially set rivetand offer greater consistency, productivity, and
lower cost when compared to manual rivefingpmatic feed riveting
machines include a hopper and feed track which automatically delivers
and presents the rivet to the setting tools whielcomes the need for

the operator to position the rivethe downward force required to
deform the rivet with an automatic riveting machine is created by a
motor and flywheel combination, pneumatic cylinder, or hydraulic
cylinder. Manual feed riveting hriaes usually have a mechanical lever
to deliver the setting force from a foot pedal or hand ldydraulic
cylinder machines haadow mobility. The applied force must be at least
90 N on mni of rivet nominal cross section. The pneumatic hammer is
paricularly useful when it is impossible to use riveting machines (Masi
1996).

Hand hammering is generally performed in the field, the hammer hits
against a proper mould that allow the formation of the rivet head.
During this operation, a spedaik wth a concave hemispherical end,

called obuckingo6 bar, bl ocks the other rivet
ensure the lock is usually provided by compressed air devices (Masi
1996).

Riveting could be made when the rivet is in a cold state or in a red hot
stak. In the first case, the rivet is cdileiddriven field ovébt driven shop
rivetsdepending upon if the process is made in the field or in the
workshop (Dugga2000).

The cold driven rivietge a limited application, due to the high pressure
necessary to form the second head at ambient temperature that make
this kind of rivets difficult to be formed in the field. The strength of cold
driven rivets is higher than the hot driven ones. Their clamping force,
however, is less due to the absendariokang.

If the rivet diameter is small, the second head could be formed manually
by using an ordinary hammer: these rivets are leatidddriven rivets
(Duggal2000).

In the following, after a brief description of manufacturing of steel
plates adesciption of hot driven riveted connections is presented, to
deepen the technology of this kindieéts, whichs the object of the
presented study.
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3.1.1 Manufacturing of steel plates

One of the most importandperationsduring the manufacturing of
riveted conactions is the formation of holes on steel plates. This
operation could be performed by using two different techniques: the
punching or the drillingn the first technique (Fig. 3}p), a cylindrical
puncher with a diameter equal to the diameter obtbeédbe obtained

is pressed strongly against the steel plate: in this manner the hole is
obtained by removing a cylindrical piece of the material. Punching
presents the disadvantage to damage the material around the hole,
especially for holes with a Higmeter. Punching the final hole diameter

is permitted for thickness of plates smaller than 10 mm. For higher
thickness, a punching of a smaller diameter is permitted. In this case, the
final diameter could be obtained by boririgs technique guarantees
perfectly cylindrical holes and allows the correction of the position of the
hole. When the thickness of plate is bigger than the diameter of the hole,
the unique technig allowed is drilling (Fig. 8)3. The drilling consists

in removing chips of bas®terial from the plate withelicoidal drill.

Figure 3.3 Formation of holes: a) punching, b) drilling

No blowtorch is allowed for the holes formation. When more plates
must be equal piercgulinching or drilling are performed contemporary

on plates overlapped each other. This technique is particular convenient
for precision of piercing and economy of manufacturing.
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3.1.2 Manufacturing of hot driven riveted connections

The realization of hot drivemnveted connections is subdivided into
differentsteps, whickvill be described in the following.

Before their installatiotvetsareheated up to approximately 900rf @

special forge (Fig.43a)) This temperatures deemed to have been
reachedvhenthe rivets in the forgekmon the sec a | | e dr eddddcch er r y
colour (Fig34 b). After heating, the rives inserted in the matching

hole of the plates to be joined and a new Isthén formed on the

protruding end of the shank & pneumatic haman(see Fig. 1.1%a

b). The ot her head is blocked by using a Obuck
hemispherical end. The pneumatic hammer is provided of the same end

of t he 0 bWherkforming thb bend) tdemeter of the rivet
increasesthus filling lhe entire hole, whicis generally 1 mm greater

than the diameter of the undrivenrivddd Ani £20100 et al

Figure 3.5 Phases of rivet formation: a) insertion of the rivet, b) formation of the
rivet (Vermes, 2007)
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Figure 3.60 B u ¢ k i n(edro, B0OA)

The diameter of hot rivet is called gross diameter (Duggal AZ@00).

this process no clearansebserved between the shank and the joined
plates.During the riveting process the enclosed platedrawn

together with installation bolts and byritaeting equipmertt D6 Ani el | o
et al., 2010During the cooling, both rivet diameter and rivet length
shrink: this shortening causes the tightening of the plates in contact and,
consequently, an amount of residual tensile stresses in rivet shank and
some ompression in the plates to be connected. The friction to slide
between parts caused by compression is daleping action

/////
7

/////%’

Figure 3.7 Loose rivets(Masi, 1996)

The quality of the riveted connectialepends on thé&bour, which

must be skilled. However, some imperfections are usual, like the
imperfect shape of the second head, or the non alignment of the second
head with the shank, or the presence of spaces between the rivet shank
and the hole. Thiss the reason why a proper inspection must be
performed at the end of riveting process: a defective rivet could be
detected by tapping with a light hammer (Dugg@a0). If the hammer

gives a metallic or ringing sound, the rivet is loose, and needs to be

2¢
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replaced. To remove a rivet, one head must be cut by using a chisel or a
blowtorch.

3.1.3 Types of riveted connections

The classification of riveted connections depends on the mode of the
load transmission by the rivets. There are two main categories of riveted
connections (Bresler et 4B60):

- the rivet in shedren the load is transmitted through the bearing
between the plates and the shank of the rivet, producing shear in
the rivet;

- the rivet in tensihen the load is transmitted through the
bearingbetween the plates and the shank of the rivet, producing
tension in the rivet.

The rivets in shear are the most common type in riveted connections in
structures. When only one section of the rivet is interested by the
transmission of loads by shear, theneotion is callethp jointwith

rivets subjected tsingle sheathen the load is transmitted by shear in
two rivet sections, the rivet igliouble shelinally, when the loading on

the rivet may be transmitted by shear in more than two plamastthe

is inmultiple shéBresler et al1960).
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Figure 3.8 types of riveted connections: a)Lap joint, rivet in single shear, b) Butt
joint, rivet in double shear, c) Rivet in multiple shea(Bresleret al. 196Q)
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2P

Figure 3.9 Rivet in tension(Bresler et al. 1960)

Another classification is based on the nature and on the location of load
with respect to the rivet group. Indeed, the connection isl@@usto

be carryinglirect load the load passes through he centroid rivet-cross
sectional areas. If the load does not pass through the centroid of the
rivet group, the connection is calledcentric load connddtion
connection is saigure momeohnectismen the load transmitted is a
pure torque or a moment. Usually, the connection could be subjected to
loads such that the rivets are both in tension and in shear. This is the
case, for example, of the beamsolumn connections in which shear
forces and a certain amount of bending moment are present. These
connections are callstbment connectich@anoment conne¢Boasler

et al, 1960).

Rivets in tension
due to moment

(a) (b)

Figure 3.10Types of riveted connections: a) Bwentric load connection, b) Pure
moment connection, ¢) Sheamoment connection(Bresler et al, 1960)

31
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3.1.4 Failure modes of riveted connections

The types of failure in riveted connections are mainly four:
1. Tension failureéhe plates;
2. Shearing failaceos®ne or more planes of the rivet;
3. Bearing faillretween the plates and the rivets: this failure could
involve the plates, the rivet or both;
4. Sheanut failuiie the plates, this kind of failure could be avoided
by providing a sufficient distance of tbkes from edges.

p P P
1 LA s
) P \ N\ ’
47
77 Edge
\“6*"’ distance
| T, le
l P 2P Plate failure Rivet failure (d)
(a) ®) (c)

Figure 3.11Types of riveted connection failure: a) Tension failure in the plates
b) Shearing failure in the rivet, c) Bearing failure, d) Sheawut failure in the
plates(Bresler et al, 1960)

The design of riveted joints is historically based on these failure criteria,
with no regard to their elastic stresses. The calculation of the ultimate
load of a riveted connection is defined as the multiplication of the
ultimate stress of the tedal and the area involved in a particular type

of failure, as illustrated in Fig(Beesler et al., 1960).

The definition of the ultimate load of riveted connections is defined in
the actual codes, as the Eurocode 3 (UNI EN-1892005), in which

four resistance verifications are prescribed for riveted connections, one
for each type of failure.
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bearing bearing bearing
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Figure 3.12 Stresses in riveted connections: a) A riveted connection, b) Tensile
stress, ¢) Shearing sérss, d) Bearing stressHresler et al, 1960)

3.2 RESISTANCE VERIFICATIONS

3.2.1 The Eurocoderesistance verifications

The resistance verifications for riveted connections and the rules for
material properties, tolerances and design guides are given by the
Europeamormaive Eurocode 3 (UNI EN 199B8: 2005).

In the normative, the first specification regards the definition of the basis
of design. First of,foariveted cobnbcdonsp a r t i
according t&eN 19931-1is givenkig. 3.1}
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Resistance of members and cross-sections a0 » v and yyp see EN 1993-1-1

Resistance of bolts

Resistance of rivets

Resistance of pins M2

Resistance of welds

Resistance of plates in bearing

Figure3.13Par t i al s adiventbyENfl2081#80r A

The

val ue of t he,, pacgualit@lls Soraef ety factor a

indications on the type of calculation are also giverEN'H€©931-8

est abl i Fheeedistabck af & joint 8hould berdeteed on the

basis of the ressces of its basic componehtaearelastic or elastic

plastic analysis may be used in the design aof joints

Where fasteners with different stiffnesses are used to carry a shear load
the fasteners with the highestfness should be signed to carry the
desi grSolmeadieesi gn as s unmlpittsshonldbear e al so gi ven
designed on the basis of a realistic assumption of the distribution of
internal forceand moments. The following assumptions should be used
to detemine the distribution of forces:

1.

2.

3.

the internal forces and moments assumed in the analysis are in
equilibrium with the forces and moments applied to the joints,
each element in the joint is capable of resisting the internal forces
and moments,

the deformaons implied by this distribution do not exceed the
deformation capacity of the fasteners or welds and the connected
parts,

the assumed distribution of internal forces should be realistic
with regard to relative stiffnessds withi
the deformatios assumed in any design model based on elastic
plastic analysis are based on rigid body rotations anglanén
deformations which are physically possible, and

any model used is in compliance with the evaluation of test
results (see EN 199D).
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Table 3.1 Minimum and maximum spacing, end and edge distances

Distances Minimum  Maximum1l) 2) 3)

and spacing Structures made from steels Structuresnade
conforming to EN 10025 except stet from steels
conforming to EN 10025 conforming to

EN 100255

Steel exposed tc Steel not exposed Steel used
the weather or  to the weather or unprotected
other corrosive  other corrosive

influences influences
End distance 1,2¢ 4t + 40 mm The larger of 8t
e or 125 mm
Edge 1,2¢ 4t + 40 mm The larger of 8t
distance e or 125 mm
Distance & 1,54
in slotted
holes
Distance g 1,5¢
in slotted
holes
Spacing p 2,24 The smaller of The smaller of 14t The smaller of
14t or 200 mm or 200 mm 14minor 175 mm
Spacirg p1,0 The smaller of
14t or 200 mm
Spacing n,i The smaller of
28t or 400 mm
Spacing p4 2,44 The smaller of  The smaller of 14t The smaller of
14t or 200 mm  or 200 mm 14minor 175 mm

1 Maximum values fepacingedge and end distancesualinited, except in the following cases:

- for compression members in order to avoid local buckling and to prevent corrosion in expo:
members and;
- for exposed tension members to prevent corrosion.

2 The local buckling resistance of the plate in congoréstiveen the fasteners should be calculated accc
to EN 19931-1 using ® p as buckling length. Local buckling between the fasteners need not to be che
p/tissmal |l er than 9&. The edge di st anmsdora bustahdd

element in the compressimemberssee EN 1993-1. The end distance is not affected by this requiremel

3t is the thickness of the thinner outer connected part.

4 For staggered rows of fasteners a minimum line spacirgX2ph may be used, provided that the minim
distance, L, between any two fasteners is greater or equal ghan 2,4d
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Staggered Rows of fasteners
a) Symbols for spacing of fasteners b) Symbols for staggered spacing
S ——
e — -4
—_— - ™ T =T FJ1_|
4] P P -
— —
p1=14tand<200mm p;<i4tand<200mm pp<14tand <200mm  p;;< 28 tand < 400 mm
I outer row 2 inner row
c) Staggered spacing in compression members d) Staggered spacing 1n tension members

L]

e) End and edge distances for slotted holes

Figure 3.14Symbols for end and edge distances and spacing of fastengigen
by EN 19931-8.

The material properties, dimensions and tolerances of steel rivets should
comply with the requiremengfiven inthe National AnnexAs a general

rule, the grip length of a rivet should not exceed 4,5d for hammer
riveting and 6,5d f@ress riveting.

The psitioning of holes for bolts and rivietsalso given, and repeut

in Table 3L.

The normative establishdtktdesign resistance for individual fastener
slbjected to shear and/or tension according to the failure mode.

In case of a tension failurietloe plate, the tension resistance is given by:
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TIBOE Q g0
b e (32)
wheref, is thespecified ultimate tensile strength ofplaés
A, ..1s thenetareaof the plate subjected to tension

a,, Is the rivet partial safepcfor equal t@ 25

In case of a shear failure of the rivet, the shear resistance for shear plane
is given by:

O b8
O ﬂ@f g0 (33)

wheref, is thespecified ultimate tensiteesigth of the rivet;
A, is the area of the rivet hole;
a,, is the rivet partial safety factor equal2b

In case of a bearing failure of the plates, the bearing resistance is given
by:

o 2f fosme (34

wheref, is thespecified ultimate tensile strength of the rivet;
dis the nominalivet diameter;
tis the thickness of the plate;
a,, is the rivet partial safety factor equal2
3, is thesmallest od,; — or 1;
4, in the direction of the load transfer
- for end bolts: —,

- for inner bolt$ —_ -

k, perpendicular to the direction of the load tramsfer
- for edge bolts is the smallestic®— p& or 2.5,
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- forinner bolts is the smallestp® — p& or 2.5.

For double shear connections with packing on both sides of the splice, t
should be taken as the thickness of the thicker packing.

Riveted connectionhauld be designed to transfer shear forces. If
tension is present the design teriellee F, -, should not exceed the
design tension resistangg, fivenby:

TR #FQ ¢0

O :

(35)

wheref, is thespecified ultimate tensile strength of the rivet;

A, is the area of the rivet hole;

4, is the rivet partial safety factor equal2b
In case of a combined shear and tension failure of the rivet, the
resistance is given by:

O "0
O O P (3.6)

The design resistance of a group of fasteners may be taken as the sum of
the design bearing resistarfggg of the individual fasteners provided

tha the design shear resistangg &f each individudastener is greater

than or equal to the design bearing resistgpgefherwise the design
resistancef a group of fasteners should be taken as the number of
fasteners multiplied by the smallessighresistance of any of the
individual fasteners.

3.2.2 Long connections and long rivets

When the distance;lbetween the centres of the end fasteners in a joint,
measured in the direction foirce transfer (seleigure3.15, is more
than 15 d, the design aheesistance, k; of all the fastenecalculated
according to equatiod.7. should be reduced by multiplying it by a
reduction factod;, giverby:
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0 p@
P — 3.7
f P (3.7)
butA, 010 andA, 0075
This provision does not apply where there is a uniform distribution of
force transfer over tHength of the joint, e.g. the transfer of shear force
between the web and the flange of a section.
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Figure 3.15Long connections EN 19931-8).

In case of rivets with an unusually long grip, the bending may be
determinant. These cases are frequent when filler plates are required,
necessitating use of long rivets. These rivets are considered to be wea
in bending, and also less effective in transferring loads. The stress
distribution in these connections is not easily to be determined, but
practice demonstrated that the use of tight fillers helps to reduce the
bending in the rivet. Loads, indeed, r@mesterred from the side plates

to the fillers before it reached the main centre plate. In this case the
addition of special or ulterior rivets when fasteners with unusual long
grip are presei prescribed.

3.2.3 Nominal and actual stresses

The determinationfdahe ultimate load of riveted connections is based
on some assumptions that simplify the calculations. As well described by
Bresler (1960): ONominal stresses
the following assumptions made in the calculation ohabsiresses:

- The frictional resistance to slip between plates is neglected,

- Deformation of the plates is neglected,
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- Shearing deformation in the rivet is assumed proportional to the
shearing stress,

- Tensile stress concentrations due to the rivet hdles phates
are neglected,

- Shearing stress in the rivets is assumed to be uniformly
distributed over the rivet cross section,

- Bearing stress between rivets and plates is assumed to be
uniformly distributed over the nominal contact surface between
rivets angblates,

- Bending of rivets is neglected.

These assumptions are approximately valid when the connection is
subjected to static loads approaching ultimate stréftgthactual
stresses in connections subjected to working loads, however, are not
representedyb t hese equationso.

3.2.3.1 Frictional resistance

The clamping action impressed to connection by the cooling of-the hot
driven rivets determines on the joint argigistant force. When the load

is less than the frictional resistance determined by clampingthetio

rivet is not subjected to shearing or bearing stresses, because the load is
transferred between plates entirely through friction. Once the frictional
resistance is exceeded, an initial slip occurs. After this slip, the loads are
carried part by frion and part by shearing and bearing stresses on the
rivets. In case of mulivets connections, the initial slip may not occur
simultaneously, and may be noticeably load differential between first and
last slippag@Bresler et al. 1960)

3.2 3.2 Effects of stiess concentrations

The determination of the stresses along a plate with one or more holes
can be determined by using the theory of elasticity since the stresses do
not exceed elastic limit.

This distribution of stresses depends largely by the postidefthe
number of holes and the spacing. In the followigigreare shown the
distribution of stresses in elastic range and in plastic range. The huge
stress concentration around holes determines the yielding in these points,
also for working loads. iBhyielding, however, does not determine the
failure of the connection. The distribution of stresses becomes more
uniform across the section with further increase in load, until the load
reaches the ultimate strength. In this case the distribution s#sstres
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the plate becomes uniform, justifying the use ofetjuation3.2.
(Bresler et al., 1960)
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Figure 3.16a) Elastic stress distribution, b) Plastic stress distributionBresler et
al., 1960).

<>

3.2.3.3 Shearimg-stress distribution in the rivet

The shearingtress distribution in the rivet cannot be easily determined,

in particular when the stresses in the rivet are in the elastic range. Indeed,
the elastic distribution of stresses in the rivet is certainiyifarm.

When the ultimate load is acting on rivet, it expected that the distribution
of stresses becomes uniform, justifying the use dqunion3.3

(Bresler et al1960)

3.2.3.4 Bearing-stress distribution

The bearing resistance verification proposed\b$9931-8 considers

the distribution of stresses along the net section as uniform. The real
distribution differs a lot from the assumption made for the verifications:
considering the oO0pointo bearing co

41
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than the nomial one (Bresler et,a960) The distribution of bearing

stresses in the rivet depends on the bending of the rivet. As reported by

Bresle1960) ot he di stri bution is nearly wuniform
rivet which lies between two supporting platdsugh for the portion

bearing on the side plates there may be some
In a lap joint, the variation in bearing stress is particularly pronounced.

Indeed, for lap joints, the loads on the shank form a couple, equilibrated

by an equal and opposite couple acting in the rivet head. That is why the

resistance of the rivet heads is very importantthendesistancef

countersunk rivet is reduced respect to the normal rivets. Also for lap

joints, after excessive deformation ocdhes,actual stress is much

higher than the nominal one.

Rivet “Point" Distributed Nominal
section  bearing bearing bearing

(a)

b [
3 =

Figure 3.17Bearing stress distribution Bresler et al, 1960).
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3.3 STATE OF THE ART: NUMERICAL STUDIES AND
EXPERIMENTAL ACTIVIT IES ON RIVETED
CONNECTION S

In the last years, many researches and studies were performed on this
kind of connections to determine their strength capacity and their
deformabilityExperimental campaigns and FE analyses were carried out
to establish which variables influence trediatwour.

In particular, the study conducted by G.L. Kulak, J.W. Fisher and J.H.A.
St r uGuikle to design criteria for bolted and riveted joints

(1987, is one of the most complete guide to designing and verifying
these connections. In thé& 8hapter,exclusively devoted to riveted
connections, authors highlighted how these joints represented one of the
most important and ancient types of connecting steel elements, even if
the introduction of welding and boltidgclined steaditheir use. The

study & the riveted connections behaviour remains however an
important and crucial challenge, to allow the rehabilitation of ancient
steel structures.

After a brief but exhaustive description of the riveting process, authors
explain how the formation of theaivincreases the shank diameter and
consequently reduces the hole clearance. Authors describe also the effect
of the shrinking of thehank, whiclnvolves aesidual clamping rce

or internal tensiom the rivet. The joint stiffnessgritical installadin
conditions such as driving and finishing temperature, as well as the
driving pressureéeterminatehe magnitude of the residual clamping
forcee Aut hor s o IMsasurements haveashown tbatdnven

rivets can develapamping forces that appcbathe yield load of a rivet.

A considerable variation églamping forces is generally obseriesb,

as the grip length is increased, rdgdual clamping force tends to
increase .

During the cooling process, the shank shifbaith diametricallyand
longitudinallyAs wr i t t e nhe lamgounafihalehclearasce that t
results also depends on how well the rivet filled the hole prior to
shrinkagé. Sawed sections of three-fstmed, hand pneumatic driven
rivets areshown inthe followingFigure As confirmed by many studies,

the almost completefyl of holesis whenthe grip rivetsarerelatively

short. When the grip length incregsaso the clearanbetween rivet

and plate tend to increase of the causes dfi$ tendencyis the
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differences imvorking the material during drivifigne followingFigure
shows somelearance for the longer grip rivets.

The mechanical propertiestbé rivet material before driving and the
installatiorprocessleterminghe tensile strength of driven rividany
dudies havenvestigated the influenoé driving temperature on the
tensilestrength. The results of these stuthdxated that varying the
driving temperaturand the soaking tin{that is,the heating time of a
rivet before drivinghad a negligibleeffect on the tensile strength.
Driving generallyncreases the strength of rivets, generally, fer hot
driven rivetsthe machine driving increased the rivet tensile strength by
about 20%The increase in strengtivolves aonsiderableeduction in
elongatin.

Figure 3.18Sawed Sections of driven rivet&ulak et al.,1987.

Most tension tests of driven rivets showmat the strength of the
connectiordecreaskas the grip length was increa3éd diffeencen
strength ofshort and longer rivets is neglecfed practical purposes
Besides, it was observed thatresidual clamping force in driven rivets
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hasno influence on their strengifhe effect of thelamping forcevas
minimized byyielding ofthe rivet and does not affect the ultimate

strength.
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Figure 3.19Sawed Sections of driven rivef&ulak et al.,1987.

Figure 3.20Typical fractures atfour sheartension ratios (Kulak et al. 1987.

The shear capacity of a riwets also investigated by performimgyn

experimentdestsAs o0 b s er v e dn abesageasheadr btrength to



Chapte3

tensile strength ratio of about Oh&s been reported, anaried from
0.67 to 0.88 This variation is attributed tdifferences in testing
methods, driving procedures, and test specifignse3.19shows load
versus deformation curves for dotdflear tests odifferent lengths
rivets.As expected, in thiaitial load stages the longer rivet shows a
larger deformatiomainlyfor bending effects.

Howevey there are no significant decreaseshefar strengttA slight
decrease in strength for rivets in single sloegpared with the double
shear loading conditiovasobserved This phenomenon is causeg
out-of-plane forces and secondary stresses on the rivet due to the
eccentricity of the applidmhd. In most single shear test joints, the rivet
is not subjected to a pure shear loaddition. If the specimensi
restrainedno secondary stresses and-of-plane deformations are
observedand the difference in the single and double s$ie@ngth
becomeinsignificantThe driving process involvean increase in both
rivet tensile strengdndshear strength.

1:2

Tensile stress
Tensile strength

0.2 1 ASingle Test

U Nine Test (average)

O T T T T
0 0.2 04 0.6 0.8 1

Shear stress
Tensile strength

Figure 3.21 Interaction curve for rivets under combined tension and shear
(Kulak et al.,1987.

The strength and behavioof single rivets subjected to various
combinations of tension and sheare alsinvestigated by performing
experimentaksts.The variables were determineddryinggrip length,
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rivet diameterdriving procedure, and manufacturing prodessults
demonstrated thaheése variables did not havsigificant influence
Only the longyrip rivets tended to show a decra@as&ength.

The progressive variation in lodosm pure tension to pure shear
determineda significantlecrease in deformation capacitgure3.20
showstypical fractured rivets for different shear to tensiorrdviag.It

is interesting to aie how the fracture and the deformation capacity
changedsubstantially as the loading condition changed from shear to
combined shear amehsion finally to tension.

An elliptical interaction curtteat defined the rivet strgthwas fitted to
the test results

[

T L

U pst (3.8)

where x is the ratiof the shear stress on the shear plane to the tensile
strength of the riveeand y ighe ratio of the tensile stress to the tensile
strength In Figure the »perimental results are compared with the
elliptical interaction curve

The behaviour of symmetrical connections before slip and after slip
(whenrivets workin shearjvasalso investigated by authors.

Before slip occurs, the connections behaviour ésmideed by the
friction between plates aontact, whichs function of the amount of
pre-tension in rivets, of the type of material, of the number of rivets and
of the number of plates. The total force developed by connection is:

0 O da ¢& ¢4 (3.9)

where kis the friction coefficient, m the number of plates in contact, n
the number of rivets andi$ the rivet tension.

The friction coefficient could be determinealyoby performing
experimental tests. To this end, different tests were performed for
different kind of steel, different typologies of connections and different
surface treatments. From the experimental tests, knowing the pre
tension in rivets, the fricticoefficient is determined by:
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. 0
YT (3.10)
Tests results demonstrated that specimen with no surfaces treatments
had a medium value of friction coefficient equal to 0.33, as reported in
Figure3.22 The geometryfa@onnection, the number of plates and the
number of rivets had no influence on friction coefficient. This value
resulted equal for different types of steel, but it could be increased if the
surfaces were treated.
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Figure 3.22 Distribution of slip condition for clean mill scale surfaceqKulak et
al., 1987.

Once the slip resistance of connection is overcome, a slip between plates
was observed until the clearance between holes and shankbaillows
The shanks were subjected to shear, starting from the end rivet. Finally,
all rivets absorbed a rate of shear. This phenomenon is not so evident in
connections with few rivets, in which the force is equally distributed, but
IS more evident in joints with a aftrivets, in which the distribution of

shear could be happen after the end rivets reached their shear strength.
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Next Figures show the rivet reactions to shear in case of connection with
four rivets and in case of joint with ten rivets.

The failure of conection could be happen for rivet shear, for bearing or
for tension fracture of the plate, if the strength of the net section is lower
than the shear strength of rivets. The variables that influence the type of
failure are: strength of plates and rivetsgth of connection, pitch,
edges distancand kindof fasteners.
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Figure 3.23Load partition in joint with a) four fasteners in line, b) ten fasteners
in line (Kulak et al., 1987.

Authors deepned also the behaviour of trtygse connections, which
differ from the symmetrical connections because the centre of mass does
not coincide with the point of application of forces.
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Gusset plate Section A-A

Figure 3.24Gusset pgate connection(Kulak et al., 1987.

In trusstype connections, not all the surfaces are connected. This aspect
and the disalignment of centre of the mass and point of application of
forces involve a reduction of strength of net section. In particelar, th
most important aspect that induces the reduction of strength is the x/L
ratios, as illustratedkigure3.25

= Gusset plate /—Gusset plateS\
1

LS
LA

+ plate

=

=

-
I r
|
. |
: 1
|
i 4 ¢.g. angle I
|
' |
| |
| |
L L

e o o ————
FP_-—_ e, ——-————
e e o - ——— - —

b = e = —

Figure 3.25Schematic of eccentricity in jointgKulak et al.,1987.

For higher x/L ratip the behaviour of connection is more similar to
symmetrical connections, with a different distribution of stresses in
fasteners. If L decreases, the x/L ratio increarsdshe strength of

joint decreases
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Figure 3.26 Angle failure in built-up section(Kulak et al., 1987.

Failure of these joints involves always the end fasteners, and is a shear
failure of the shank or a traction failure of plates, it depends from L. To
take into account this phenomenanreduced area of net section is
considered:

w
5

0 I p (1.5)

The numerical results fitted well the experimental results, as shown in
Figure3.27

The last type of connection studies by authors was the unsymmetrical
ones, in which fasteners present a unique section subjectad (seshe
Fig.3.28). The main problem of unsymmetrical connections is the out of
plane displacements, caused by the eccentricity of applied forces. To
prevent this phenomenon, appropriate strengthening is advises.

Rivets and bolts, in these connections, aways subjected to a
secondary traction force, but the main cause of collapse remains the
shear. Tests demonstrated that secondary bending moments effects are
more accentuate if the connection length is small. This aspect influences
the overall strengttf joint.

51
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Figure 3.27 Correlation of theoretical and test efficiencie@Kulak et al.,1987.

Figure 3.28Lap shear connectionKulak et al.,1987.

Results highlighted also that slip resistance is not influenced by the
eccentricity of the load. Shear strength of fasteners is reduced of about
10% confronting that of symmetric specimens with similar properties.
When the total length of the connectioreievant, effects of secondary
bending moment are negligible.
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Figure 3.29 Effects of secondary bending momen{Kulak et al., 1987.

As denot ed apjgintsanaytbh subjected t®d repeated type
loading as well. The critical joiodbmponent under such loading
conditions is not the fastener but the plate matesalvéxe decrease in

the plate fatigue strength is apparent in unrestrained lap joints when
compared with butt joints. The bending dafdions cause larger stress
ranges taccur at the discontinuities of the joint. The bending stress
combines with the normatress and results in high local stresses that
reduce the fatigue strength. The reductifetigue strength depends on

the jointgeometry and the magnitude of the secomdsging. Hence,
single shear splices subject to stress cycles should not be ustb@ unless
outof-planebedi ng def or mati ons are preven

Another important work on riveted connections was carried out by
Majd Sarraf ath Michael Bruneaul © 9 6 ) , Cydlid testing df 0
existing and retrofitted riveted stiffened seat angle connectiods. | n
this work, authors tested in laboratory a typical riveted connection taken
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from an historic building. The aim of the expental activity was the
evaluation of the hysteretic behaviour and the estimation of the ultimate
strength.
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Figure 3.30 Details of riveted stiffened seat angle connectiongSarraf et al.,
1996)

Expeimental results showed a connection high strength, but the
hysteretic curves demonstrated a low dissipative capacity. Authors
developed also analytical models to calculate the ultimate strength:
numerical results fitted well the experimental ohesodel that
improveghe hysteretic behaviour of the connection was also proposed.
Indeed, the hysteretic curve mometdtion of the investigated
connections showed the pinchpigenomenon, that involvasdecrease

of the ductility of the joint. Pinching couldd determined by various
factors.
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Figure 3.31a) Top angle deformation; b) Momenistrain curve measured near
location of plastic hinge formed in vertical leg of top angléSarraf et al., 1996).
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In the early stages of loading when the connection is subjected to small
shear forces generated by moment, one of the main causes of pinching is
the slippage of rivet holes. This slippage is caused by two factors: one is
the lack of tight fit inherent in @ant riveting practices; the other cause

is the low friction resistance between connected parts. Another
important cause of pinching is the rocking of top argsed, as

showed in the hysteretic momstmain curve (Fig. 3.31 lille response

of top angles to cyclic loading determines the pinching phenomenon:
when a positive moment is applied to the connection, the tension force
causes the formation of plastic hinges and tension stresses in rivets.

The last cause of pinching is the separation o$dhe angles and
stiffener angl es negafive momertseimbdutie y aut |
plastic deformation of both seat and stiffened angles, i.e., flexural
resistance is provided by two sepat
To improve the ductility of riveted cmttions, authors proposed the

addition of braces, as reported in Fi@ud2 The hysteretic behaviour

of retrofitted jointss shown in Figur8.33

Authors concluded their work highlighting the high strength of these
retrofitted connections and theirogohysteretic behaviour, particularly
recommended in case of structures in seismic areas.
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Figure 3.32 Retrofit details: a) Ductile knee braces; b) Selective weldingSarraf
et al., 1996).
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Figure 3.33Hysteretic curves of retrofitted connectior(Sarraf et al., 1996)

An important study on fatigue resistance of riveted connections under
cyclic loading was carried out@®iynther Valtinat, Ingo Hadrych and
Holger Huhn Sti@ngthening of riveted and bolted steel
constructions under fatigue loading by preloaded fasteners
experimental and theoretical investigation§(2004).

This study was carried out due to the presence in Germany of many

historical bridges t i | | i n use today. I n 193060s, exper
demonstrated that riveted bridges are subjected to a huge decrease of
fatigue resistance in case of cyclic | oadin;

that bolted bridges have a higher fatigue resistancéhéhaiveted
bridges, as showedkigure3.34 where the fatigue resistance of bolted
and riveted connections respect to the number of cycles is illustrated.

As il | ust r arhedndreaBeyin capadtyhwhichanean®in stress
range! DO¥ loadcycks N was so immense that sometimes the fatigue
behaviouo f pl ai n bar s ciocehse wasmeasedrbg ac hedo . Thi s

the high pressure under the washers of the bolts armuhdle.The

effect of his high pressuisa certain protection of the holeaanedeed

the gress distribution in theet section became much more favourable
than for example with fitted bolts without preldagure3.35.

The main scope of the work was the knowledge of the crack propagation
velocity in preloaded bolt joints tonnpreloaded bolted connections

until riveted connections. From experimental results, it can be concluded
that riveted connections have a fatigue resistance equal to non preloaded
bolted joints, so a certain margin of service life was observed for these
comections.
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Figure 3.34 Fatigue resistance of bolted and riveted connectior(¥altinat et al.,
2004)
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Another important work on existing bridges was carried out by
A.A.Fernandes, P.T. de Castro, M. Figueiredo, F. Oli&tiectural

integrity evaluation of highway riveted bridges , i n wisilch the
bridge, located in Porto, wstsidied.The bridge was designed by the
BelgianEngineer Téophile Seyrig, former partner of Gustav Eiffel, and
built between 1881 at886.

First of all, the study started with the samplingasé material and

riveted joints from the bridg&o perform he fatigue testing of the

joints ariveted T sectiooross beam was also removidte sampling

ended with the replacement of the lmaaterialith new materiallhe

base material chemical composition was evaluated. The average values
measureth three saples are illustratedhingure3.36

Sample & Mn S1 p S

1 0.24 0.26 1.49 >0.15 >0.15
2 0.21 0:52 2.07 >0.15 2015
3 0.81 0.24 2.71 >0.15 >0.15

Figure 3.36 Base material chemical compositior{fFernandes et al., 2004)

The chemical composition is typicatarbonsteel with low carbon and
manganese contentsith low volume fraction of perlite, as can be
observed ifrigure3.37 a)

Highercarbon contentvasmeasureahis is due tdocal segregations.
The use of Si in the stelsoxidation/desulphurization proceassed
the hgh silicon content, as showntbglarge volumef inclusiongof

Mn S type), as seerHigure3.37
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Figure 3.37Microstructure of base materia(Fernandes et al.2004.
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Figure 3.38 Macrostructure of rivet(Fernandes et al., 2004).

The rivethas asimilar metallographic structudele to darge densitgf
inclusions in the most deformed parts of the rivet Aibdadmechanical
properties evaluated are typica@aobonsteel.

To evaluate the residual life of the bridge, the load history caused by the
vehicles passage is necessary. Usually, according to tie asslased

the assumption that each vehicle with a weigh major than 30 kN induces
a fatigue damage.

Authors concludethe work declaring that:

0- The bridge base material showed mechanical properties similar to
other European bridges built in the same period.

- The notch toughness properties, although lower than those required by
modern codes of practice, are consideaeceptable, given the
heterogeneity of the material.

- The fatigue tests conducted in a riveted joint removed from the bridge
are in conformance with current codes of practice requirements.

- The crack growth studies, due to the number of specimenislavaila
were not conclusive and so a crack growth law derived for carbon steels
similar to the bridge material was used in the calculations.

- The best estimate of the remaining fatigue life, based on available data
of truck traffic flow and data publishedhe international literature, is
greater than 100 year so.

To ensure the security grade of the structure under actual loads, an
evaluation of the effective bearing capacity of the structure is necessary.

J. Moreno and. Valienteare the authors of two imgant studies on

this topi c. Siress inténsity fadtors maiveted siesl 0
beam® ( Moreno et al 2004) , i n which

5¢
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the effective bearing capacity of a beam in presence of a fracture is
presented. This model exstkes also the contribution of nreaacking
rivets, whichransfer the loads to other intact elements.
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Figure 3.39 Riveted beam used for the stress intensity factor determination
(Moreno et al 2004).

At the beginning ofthe 20th centurytechnology did not offer
manufactured hot rolled beaonsvelding techniques foraking welded
connectionsThe mostcommon structural member of steel briduges
riveted builup beamswhichconsisted of angles anatpk of puddled
iron. The method presented in this warés applied oa one flanged
and one webbed $ection with a plate forming the web, two angles
forming the flange, and a single row of rivets connéugimg

Axial and flexural loadimgere consided acting onhie riveted beaso

that the web is under thetion of a bending moment when uncracked
In this phase, the distribution thieseforce and momertietweernhe
weband the angldsllowsthe stress field of the theory of Strerajth
MaterialsWhen the crackccursthe forces alter this distribution near
the crack due to the lower stiffness of the, waeld the presence of
rivets ensures the forces transfer to the angles. The proposed method to
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calculate the rivets forces is based ordiaement equalityThe
formulation of this method leads to an expressidmeddttess intensity
factor K, that is:

o+ y 20 6 60 i (1.6)

P
U

>
g4 &

where: K is the stress intensity factor;

P is the rivet generig¢action,;

K, is the stress intensity factor of the rivet gereacfion;

H™and H are adimensional function dependant ansl a;

a is the distance of the generiegt from the crack;

§ is the crack dimension.
The vaiation of results for different a and/ialues highlights how the
rivets reactions reduce the opening of the crack. Authors demonstrated
also that the rivets reactidecrease sharply with the distaiocéhe
crack, and concentrate at the first rivetedine force transmitted by the
fifth rivet is only about 5%f the total transmitted force.

1.0P

Figure 3.40Force transmission at the rivets due to the cracking of the web plate
(Moreno et al 2004).

61
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As demt ed by he diffehence betweed tthe stress intensity
factors K and Km is the error attributable to the neglect of the
interaction of the cracked component of the beam with the remaining
ones.This difference increases wilie crack size, its ral@ value
ranging from 50% to 90% as the cracked part of theserctssn of the
webranges from a fifth to the half. Even more striking is the fact that
Km increases with the crack size wheredsckeases: the effect of the
interaction is so signifidathat the general trend of decrease of
structural safetys damage grows becomes reversed in the riveted beam
consideredl The conclusion of this work highlights that the structural
assessment of riveted bridge could not negleeffdw of the rivets

this due to the fact that neglecting the contribution of rivets is
excessively conservative

Finally, the results show that the strastensity factorcan be a
decreasing functioinom a given crack sjzand nota monotonically
increasing function of tr@ack sizeThis highlights the importance of
noneneglecting the contribution of rivets in these connections.

The same aut hor s, Crdcking iaduced failere of wo r k
old riveted steel heam8 ( Mor eno et al 2006) ,
influences the collapse of connections and the type of failure.

In many cases, indeed, different types of failure, i.e. rivet shear failure or
plates bearing failure, could be determinant.
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Figure 3.41 Geomdrical configuration and loading of the analysed beam
(Moreno et al. 2006)
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The analysediveted beans shown inFigure3.41. Authors determined
its failure criterion consideritige cracked plate and the riveted joints as
potential origins of the colEgm
The three failursmodesof riveted connectiorese:
- shearing of the rivet shank;
- tensile necking of the cres=ctions weakened by the connection
holes;

- crushing of the contact surface between the rivet and the
connected pieces through which forcestragsion occurs.
For what concern the shearing of rivet shdr,limit value ¥ of
Eurocode 3 is

"0 1Y A2 (1.7)

where: R is the rivet radius;

R, is the rivet yielding stress.
In thep | a mekeabesihe tensile necking of the resistant ligaments is
avoided by limiting the tensile force at each -ses$®n of the
connected ipcesThe limit values defined by codes the product of
the tensile strength of the steel and the ressstmbdf the crossection
(net sectionylecreased of a factor that takes into acdoumossible
stress concentration effects produced byadhes.This formulation is
appropriate in case pieces that end at the joint and aredldat the
side of the other end. In this case, the consipgnésconnect pieces in
the middle of their lengths and are loaded at both sides of the connected
crosssectionConsequentjyauthors calculated the ultimate strength by
finite element calculation able to predict it reliably.
The failure of the joint due tbe crushing of the contact between the
rivet and the surface of the insertion obtalled karing failurdt is a
highly nonlineaphenomenorthat, since the materigd confined and
cannot fracturds valuedather arbitrary and basedjodgmentsas to
when the deformation due twushing becomes excessiver this
reason, authors investegh he crushing of riveted joints in
constructional steel both experimentallyramdericallyThe specimens
used for the two crushing tests were rectangular \pititesvo holes
The specimens were tensile loaded along the longer symmelheaxis
tengle crushingforceswere appliedon the surfaces of the holes by
means of two matching cylinders inserted in t&mmeclip gauge
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extensometers wetsed to measuréd relative displacemeott the
loading cylinderdhe finite elementodelingof the twocrushing tests

was pgormed by considerindpe loading cylinders acting as rivets as
rigidrough surfaces of the Coulomb type with a friction coefficient equal
to 0.3. Loading was applied by incredsangelative displacement of the
loading cylinderspuo a value of 5 mm.

=)
=]

Load (kN)

404 Interrumpted test *

—— Tests

— ---- Finite element

Displacement (mm)
4T T T T
0 1 2 3 4 5

Figure 3.42 Experimental results and comparison with the numerical results
(Moreno et al. 2006)

The lack of agreement betwegperiments and numerical modelling of
necking canbe attributed to the fact that in the ligament small,
uncontrollablegeometrical imperfections or materighdmogeneities

are present in the highest degreegdimduce the necking the finite
element modelling slightly diminising ofthe area obne ligamenwvas
performed:as expected, necking occurred in this ligariéet.F.E.

model was also used to test the reliability of the formulas proposed in
the precedent work for the calculation of the stress intensity factor and
the determination of thévet reactions. From the comparison of results,
authors deduced that, for the calculation of the stress intensity factor,
formulas fitwell the numerical results. Also the sum of reaction of the
rivets is similar, but a huge difference was noted fointlle svet
reaction. The formulae proposed in the precedent work resulted
inadequate to predict the failure mechanism of this type of connection in
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presence of a crack, because the collapse depends mainly by the near
crack rivet reaction.

For the crushig failure of a riveted joirduthors proposethe limit

load of the transmitted force giverBayocode.

Theseformulae are not appropriate to limit the forces transroitédte

rivets to prevent the failure of the angles by tensile necking of the net
section. For that reason, authoasalysedhis kind of failurdoy means

of a new finite element modellispowed ithe next-igure

/." A ") —
//- )//-o -0 =O0=—0 O—=0—= O 3)7/ i;\/

4

Figure 3.43Finite elementmodel used for analyse théensile necking d the net
section (Moreno et al. 2006)

The last collapse mechanism analysed wést¢hee ofthe cracked

web plate. Authors, in this case, reportaghzber of experimental data
about the fracture behaviour of old structural giesdent in literata.

One of t he mo s t i mportant FEtudy
analysis of stringerto-floor-beam connections in riveted railway
bridgeso |, car r i edeman andRb KligelWAl-Emeahi et al
2003). In this work, the results of a wide experimaotity on
stringetto-floor-beamriveted connections and a highly detailed F.E.
model of these joints were performed. To make the experimental tests,
three fullscale bridge parts were taken from the old riveted railway
bridge ovetthe river Vindela'&n in northern Swederbuilt in 1896

Tests were performed usifaur hydraulic jacks, each placed at the
centreline of a stringer, as illustratethie nextFigure
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Figure 3.44The riveted bridge pats that were tested: (a) test saip; (b) detail of
the connections(Moreno et al. 2006)

The FE modelis characterized bgymmetrywith respect to two

perpendicular planes passhrgugh the centre lines of both the central

floor beam (plane XZ) and tis¢ringer Authorsadoptedsome other

simplifications and assumptions to facilithte building of the FE

model, reduce the calculation costs and ease thrquestsingf the

results These simplifications are, mainly, the adoptionoofinal

dimensiog, the assumption ofr i vet s I ni ti athd vy Operfecto s h
modelling of material according émgion testsThree different mesh

densitiesvereperformedin the first stepsolid elements were used for

the angle and thevets in the connection, shellnedmtswereusedfor

the stringerRigid contact surface, meshed Milear quadratic rigid

elements (R3D4yasused to simulatentact between the bafdce of

the outstanding leg of the connection angldéhenfioorbeam webAll

the contact pairs ithe modelwas characterized by usinglassical
Coulombfriction model, wthaa s sumed friction coefficient (C
The FE modelsvere verified withwto main criteriaAs described by

authors:oF i r st , the ability of tthe model to Or e
stiffness of the connection was checked against displacement and strain

measurementaade at the top of the connection angles and at the mid

span of the stringersgspectively. Secondly, strain gairgslled at

different locations along the stringepth near the connection were

usedto register the distribution of local stresses in these locations. The

measured valuegre compared with the corresponding values obtained
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from the FE analysis. heriagnitude of thelamping force in the rivets
was als taken into accourthiree different rivet prension values (30,

65, and 140 MPa)ere consideredndthe results are compared with
and related to strain measurements made on dhe akets in the
connectionsTwo types of finite element were us&D&and C3D20.
Both the finite element reproduced the effective behaviour of the
connection, but C3D8 reduced the computational costs.

Z & (z) z &,y [mm]
e 0.3
740 -
8 —— Moeasured disp hoement
—&— FE - tlamp =30 MPa
#— FE= @iump = 65 MPa
—%— FE< Gl = 140 MPa

0z 4

01

Applied load [kN]
) a0 100 150 200

(a) b) (c)

Figure 3.450ut-of-plane distortion of a connection angléMoreno etal. 2006)

Theresults othe FEanalysisind the comparison between these results
and the experimental onesstreved inFigure3.45 Thedominantole

in the behaviar of these connectionsthe gauge distance between the
rivets and the fillet of thengle The outstanding leg of the angleng

the gauge lengtls subjected tdendingstresseswhich reacled a
maximum near the filleof the angle.These parts reached the
experienced plastic straing to a very limited extent. The stresses in
the rivets were, however, fully elagiathors highlighted also that the
influence of he rivetclamping force on the magnitude of maximum
bending stresses near the fillet of the asglegligibleOn the other
hand, ehigher clamping foraeterminedigherbendingstresses the
outstanding leg near the riveElamping forces influenced the

67
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connections in terms of stiffness: for higher values of clamping forces,
indeed, the connection behaved like a rigid body, due to the effect of the
rivet head on angles

E Celymp = 140 MPa
g dulin-q: =30 MPa

- Gauge distance, g A-A

56 100 10’ Ox[MPal

(a) (b)

Figure 3.46 The distribution of bending stresses in the connection angle
(Moreno et al. 2006)

Srain gauge specially designed for uniaxial strain measurements in bolts
were used tmadestrainmeasurmentsin order to obtain information

about the magnitude of tleamping forcesThese forces could be
determined bgomparing the nominal tensile stresses obtained from the
FE analyses using different rgktmping stresses with the measured
valuegsiperimposed by the same presumed initial clamping jtfesses
good correlation was obtained between measured and calculated axial
stressefor the model with a rivelamping stress of 30 MPa.

Finally, the benefice of higher clamping force was demahsfrétes

force is high, the bending in rivet when the load increases is low, and the
ultimate strength increases noticeably.



4 EXPERIMENTAL ACTIVIT Y ON
RIVETED CONNECTIONS

In order to providea tool for structural safetysassment of the
historical sel structures that are still in serwlus chapters devoted
to investigate theractural capacity of the rivetednnections under
actual service loads wide experimental activity was carriedvabtn
two research project:

1. the international searctpr oj ect PROHI TECH on
protection of historical buildings by reversible mixed
technol ogiesd within the Sixth
EU,

1 WP 70 Experimental analysis
1 WP 80 Numerical analysis
1 WP 90 Development of calculation models

2. the national Research Project PRIN prot. 2005087058 004

600Vul nerability and reversi bl e

hi stori cal metal structuresood.

The experimentalampaigrwas carried ouh collaboration withRFI

(Rete Ferroviaria ltaliant) determinethe chemical and mechanical
response of the ancient steel, and to investigate the overall behaviour of
different types of riveted connections. The experimental results were
also presented and discussed.

4.1 EXPERIMENTAL PROGRAMM E

41.1 General

The main scope of th&esting programme was to investigate the
influence of different parameters on the shear response of riveted
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connectionsSeveral lap shear tests have been planned in order to study
the mechanical behaviour of rivetednections. In detalil, it is possible
to subdivide this activity into two phases:

1. Test on steel riveted joints made up with plates and rivets gained
from warehouse of Italiamailways and characterized by
geometric properties similar to those of the ancient riveted
connections;

2. Test on ancidrjoints sampled by a réadtoric metastructure
dated from the second half of"T@ntury.

All specimens were dimensioned and detailed b$telé Structure
Division of RFI, which is based in Naples, in order to be representative
of connections typally used fats lattice roofing and bridgeccording

to precedent studies on historic metal constructions, a total of 66
specimens, representing 22 different typologies of riveted connections,
were realized. Each type of connection differed from tkeesofor
number of rivets, rivet diameter, plate dimensions and load symmetry.

U-16-10-2 [ e

U-16-10-4 i e
8-16-10-1 | & =e— || $-19-10-2 T o] SE——
U-16-10-1| o[ ] | =—<&— ||U-19-10-2_90 “lo o] ———
§-19-10-1 | [ o] | | ==ss— ||U-19-102_60 | e
U-19-10-1 —— S-19-10-4 e ——
§-19-12-1 ==— | | U-19-10-4_90 g
U-19-12-1| [ o] ] | = || U-19-10-4_60 e i
§-22-10-1 [[ 6 ] | ==@— || S-22-12-2 G el =
U-22-10-1| <l —&— || U-22-12-2 S
S-22-12-1 | | 9] —_— S-22-12-4 m—
U-22-12-1| 700 | e | | U-22-12-4 [—

Figure 4.1Riveted specimens: investigated typologigs D6 Ani el | o et al .

2010)
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The specimemnaterialvas gained from Itah railways warehouse and is
datedfrom the first half of thd" century Tests were performed to
determine their mechanical characteristics and were also described by
D6Aniell o et al., 2010.

To investigate the behaviour of real ancient riveted donsefdur
specimens wersampled from a dismantled bridge, dated from the
second half of 19 century (1984). Specific manufacturing were
performed on these specimens to allow the correct execution of tests.
Before testing the riveted connections, a exgerimental campaign

was performed to determine the mechanical characteristics of the base
material. Indeedhé¢ research activity was divided into two stajrs

tests on materiadsmdtests on steel riveted connectio@36 Ani el | o et
2010)

4.1.2 Programnme of material tests

The first step of the experimental activity regarded the planning and the
execution of material tests: the scope of this campaign was the
determination othe properties of steel plates and rizetstituting the
connections being @xined Tensile coupon tests, Brinnel hardness
(BH) tests, chemical analysis and Charpgtch (CVN) testsere
performed, obtaining both the chemical and the mechanical properties
(D6ANniello et al., 2010)

4.1.3 Testing programme on riveted connections and
investigated parameters

Once the material was characterized, a series of tests on riveted
connections were performed, and different parameters were controlled
to investigate their i1influence on
al., 2010)

First of all, he influence of load eccentricity was analyzed by testing
both symmetrical and unsymmetrical connections. Henedfettte of
secondary bending moments induced by load eccentricity on joint
deformation and shear strengtb 6 Ani el l o et al ., 201
In orde to induce the yielding at the gross esession before the

failure by fracture at the net crsestion different values othe
normalized net area /A, were consideredduring the testing

71
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programmeTo obtain the yielding in the gross cross seotiged, the

ratio A f/A f, must be larger than WvhereA f, being the ultimate
strength of the net section ancgf,Ahe yiedl strength of the gross
section. In this case, consideringsipecified average yield and tensile
strengths ofhe testesteelthe value ofthe normalized net aregA,

coul d be equal or greater. Thishan O0.67 (DO6AnNI
requirement allowselding of the gross section before failure of the net
section occurslhe tested riveted connections presented a normalized
net area that varies in the ra@d&0.79, which corresponds to a ratio

of Af/A f,intherange 1.62.17( D6 Ani el lo et al ., 2010)
An important parameter that influences the failure in tension of the
plates is the plate width (w). In this case, diffesdues of theatios

w/d were considered, where w is the width of plates and d is the
nominal diameter of the rivetamely 3.16, 3.18, 4.38 and 4.74
(D6ANni el | o. Tretinfluance qf the @lateOwidth becomes
remarkable whethe ratio (w/d) is dsser than 8, according to the
literaturgSchenket954Munsel 956 Munsel1970).

In order to characterize the riveted connections behadifferent

joint lengths were considered and the influence of the length on the
connection behaviour was studlaedeed, the length of the joint could
vary according tthe number of rivets, the rivet spacing p and the
distance from the centre of the end rivet hole to the adjacent gufge (e
the direction of shear lodd. order to take into account different joint
lengths, pecimens made of one, two and four rivets were thsied

the experimental campaidgfour different p/d ratios (4.09, 6.32, 8.75
and 9.21) were tested. These ratios satisfy the geometric limits of EN
1993:18 with the exception of specimen$dl02 60 and UXA0

4 60, in which p/d = 9.21 while the corresponding Eurocode limit is

7.37 (being the maxi mum all owabl e spacing egqg
thickness). In addition, this studythree different & ratios (1.59, 2.19
and 2.37) wenalyzed D6 Ani el l .o et al ., 2010)

Another parameter that influences the strength of riveted connections is
the clamping force induced by the cooling of the rivet: the influence of
this parameter on the slip resistance was also analysed.

A total of 64 lapshear tests were performed, as summarized in the
programme matrix reportedTiable 41.

The geometries of the investigated connections are shown ilEigure
Specimens were labelled 8&'HAN, where:
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C is the splice configuration (i.e. S: Sym@agwint; U: Unsymmetrical
joint);

D is the rivet diameter (16, 19 or 22 mm);

TH is the steel plate thickness (10 or 12 mm);

N is the number of rivets per specirtiep 6 Ani el |l o et al .,
Table 4.1Bonding test programme matrix( D6 Ani el Il o et al . 2010)
Specimen Rivet Thickness  Width E(')Sr;' Rivet Rivet
tag S U diam. plate plate edge pitch no. Test no.
(mm) (mm) (mm) (mm) (mm)
Single rivet
S16101 a 16 10 70 35 o} 1 3(a, b, c)
U-16101 a 16 10 70 35 o} 1 3(a, b, c)
S19101 a 16 10 70 35 o} 1 3(a, b,c)
U-19101 a 19 10 90 45 o} 1 3(a, b,c)
S$19121 a 19 10 90 45 o} 1 3(a, b, c)
U-19121 a 19 12 90 45 o} 1 3(a, b, c)
S$22101 a 22 10 70 35 o} 1 3 (a, be)
uU-22101 a 22 10 70 35 o} 1 2 (a, b)
S22121 a 22 12 70 35 o} 1 2 (a, b)
U-22121 a 22 12 70 35 o} 1 3(a, b, c)
Rivets in row
U-16102 a 16 10 70 35 140 2 3(a, b, c)
U-16104 a 16 10 70 35 140 4 3(a, b, c)
$19102 a 19 10 90 45 120 2 3(a, b, c)
U-19102 a 19 10 90 45 120 2 3(a, b, c)
U-19102 a 19 10 60 30 175 4 3(a, b,c)
S$19104 a 19 10 90 45 120 4 3(a, b, c)
U-19104 a 19 10 90 45 120 4 3(a, b,c)
U-19104 a 19 10 60 30 175 4 3(a, b,c)
S$2212-2 a 22 12 70 35 90 2 3(a, b, c)
U-22122 a 22 12 70 35 90 2 3(a, b,c)
S22124 a 22 12 70 35 90 4 3(a, b,c)
U-22-124 a 22 12 70 35 90 4 3(a, b, c)
Tot. tests
64
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Figure 4.2 Coupon sampled from a plate of riveted specimen under testing (a);
rivet coupon under testing (b D6 Ani el l o et al . 2010)

Due to the fact that connections could dffected by the manual
riveting similar riveted connections can show a different capacity
responsgFisher et al., 1969). To take into account this phenomenon,
three nominally identical specimens have been built up for every type of
riveted connection. In two cases @02 and U19104) RFI asked us

to investigate the influence of two différealues of the distance from

the edge to the centre of the rivet in the transverse direction. Hence, the
same tag has been adopted twice for specimens having two different
widths( D6 Ani el l o et al, 2010)

4.1.4 Setup of material and riveted connection tests

Tensile, CVN, BH tests and chemical analgsis the tests performed

to characterize the materi@ihe testing machine wasraversal electro
mechanical MTS 500he strains were measured using both strain gages
and a linear deformometeid. 42(a) ad (b)).
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Figure 4.3 Dog-bone rivetshank( D6 Ani el | o et al . 2010)

To perform the uniaxial tensile tests, all the rivet shanks were arranged in

a dogbone configuration, as shownFigure 43. Moreover, both ends

of the coupons wergcrewthreads and two cylindrical threaded sleeves

were used to fix thepeci mens i nto the test m.
2010)

The CVN tests of plates and rivetsre performed by using an impact

tester Zwick 5113An ELBO TH-30000B universal hardness test
machine was used for BH measurements. Fitalligentify the

chemical composition of both plates and rigegfow dischaegatomic

emission spectrometer LECO model GDS8%( employed. The
experimental setup uséat riveted connections is shown Higure

4.4a). In particular, lap shear tests were carried out with a universal
electremechanical Zwick/Roell testing machireg.( 44(b)). The

specimens were loaded in tension under displacement control until
failure i.e. after the load decreaced © Ani el |l.o et al, 201
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Figure 4.4 Test setup (a); the testing machine (b); the layout of LVDTs (c, d)
(D6Aniell o et al. 2010)

For each testhe maknum load reacheahdthe types of failure mode

were observedA pair of LVDT (Linear Variable Differential

Transformer)measured he relative Hplane displacement of tested

specimensThe LVDTs wereharacterized by a displacement range of

+150 mm andwvere positioned 30 mm from both ends of the regions

where plate discontinuities occur in all specirk@ns4éd(c) and (d)).

The displacement rate was fixed at 0.1 mm/s and an acquisition

frequency of 10 Hz was. assumed (D6 Aniell o et

4.2 EXPERIMENTAL RESULTS

4.2.1 Test on materials

4.2.1.1 Tensile tests

Tensile tests were performed, as mentioned above, both on rivet
specimens and plate samples.

The tensile tests on plates were executed on two different plate
thicknessesl0 and 12 mm. For each thickness, five pfmeimens

were sampled, for a total of 10 specimfepsir of LVDTs and a strain
gage wasised to measure both the displacement and the strain, as
showed irFFigure £ a)
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Figure 4.5 The stres$strain response of plates of riveted specimens.

The stres¥strain curves of the plates asbown inFigure 46. The

average Yyield stress of steel plate was 291 MPa (Standard Deviation
060SDd6od6= 5.63 MPa and Coefficient o
averag ultimate stress was 433 MPa (SD = 5.48 MPa, CV = 0.01) and
there was an average ultimate strain (corresponding to necioagit of

28% (SD = 1%, CV = 0.04)his material was identified as a modern

steelS276 D6 Ani el l.o et al, 2010)
Stress (MPa) —C16-01 —C16-02 C16-03
500 |Stress (MPa) ---C19-01 - - C19-02 - - C19-03
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Figure 4.6 The stres$strain response of rivet specimens
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Tensile tests on rivet specimamse executed on three different rivet
diameters 16, 19 and 22 mm. For each investigated diameter, three
identically specimengm sampled, for a total of 9 specimé&nmir of
LVDTs and a strain gage wasd too to measure both the displacement
and the strain, as showedFigure £ b).

Considering the experimental results, a consideealability in the

bag material prop#ies of the rivetsvas noted. This phenomenon is
probably determined by thack of adequate quality control in the
industrial processes of that periodleed, ti was not possible to set a
specific trend per rivet diameter in terms of yield and ulstrexngth,

as shown irrigure 46. However, the average value of yield stress was
315 MPa (SD = 26.03 MPa, CV = 0.08), the average ultimate stress was
about 412 MPa (SD = 17.85 MPa, CV = 0.04), while the average
ultimate strain (corresponding to necking) ¥620 (SD = 6%, CV =
0.36)( D6 Ani el | oThesd data appear200bg hdre consistent
with steel produced by a Madtiiemens procegSustainable bridges,
2006).

4.2.1.2 Impact strength tests

The impact strength tests were performed at ambient temp@GiGie (

on four specimens sampled from plates having a-s@otisn of

10x10mm and a V notcfable £ shows he resultsit should be

noted that the average ChavpMotch (CVN) fracture toughness is

equal to 15 J, which is lower than the referenceofdide] at O °C or

+20 °C as suggested in EN 10086 modern steef D6 Ani el | o et
2010) However, this discrepancy is reported also in literature
(Sustainable bridges, 2006he experimentaCVN valuesare in
accordance with the literatuarg hightght that this type of aged steel is

more bittle than modern ondsDd Ani el |l.o et al , 2010)

4.2.1.3 Hardness tests

The base material used for the riveted connections was also
characterized by performiBé tests on plates and rivet shafkese

tests are in accawce with the necessity of more and detailed
information on ancient steAll the results are reportedTable 42.In

particular, it is possible to note thatadkerage value of Bll121 for

plates and 137 for rivets. These resulia agreememtith the strength
obtainedrom thetensiletes« D6 Ani el .o et al, 2010)

al
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Table 4.2 Material characterization: BH measurements and CVN fracture
toughness( D6 Ani el l a et al ., 2010)

Brinell Hardness measurenents  Charpy-V-Notch fracture toughness

Average CVN  Average CVN
BH BH SD CcvV (+20°C) (+20°C) SD CV

500 kgf load,

o ball) V) V) V)
plate 1 119 23
plate 2 121 36
plate 3 123 121 1.710.01 38 31 7.59 0.25
plate 4 120 25
rivet 1 146
rivet 2 139
rivet 3 115 137 125.0.0¢ o o} o} o}
rivet 4 140
rivet 5 144

4.2.1.4 Chemical analysis

Chemical analyses weatso performed on base material, in order to
evaluate the composition of the ancient steel. llesTal8 and 2.4 are

reported all theesults of the chemical analykeshould be noted that

both the plate and rivet metal is characterized by a high percentage of
sulphur,about twice the maximum value of the quantity commonly
present in modern stedNB0025 D6 Ani el .o et al , 201

Table 4.3 Chemical composition of the platef D6 Ani el | o et al
C Si Mn P S Cu Cr Ni V. Mo N Ceq
() (%) () (%) (%) () (%) (%) (%) (%) (%) (%)
plate 1 007 0.15 0.54 0.0140.059 0.41 0.06 0.12 0.004 0.02 0.010.0.212
plate 2 0.08 0.18 0.5 0.0120.061 0.37 0.06 0.11 0.004 0.02 0.009!0.212
plate 3 0.09 0.19 0.56 0.0170.061 0.38 0.11 0.12 0.004 0.02 0.009:0.243
plate 4 0.08 0.17 0.54 0.01 0.048 0.3 0.06 0.1 0.003 0.020.009:0.213

Average
value

SD 0.01 0.02 0.03 0.00 0.01 0.05 0.03 0.01 0.00 0.000.00010.015
Cv 0.10 0.10 0.05 0.23 0.11 0.13 0.34 0.09 0.13 0.000.06310.07C

, 201

0.08 0.17 0.54 0.01 0.06 0.37 0.07 0.11 0.00 0.020.009 0.22C
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Table 4.4 Chemical composition of therivet{ D6 Ani el Il a et al ., 2010)
C Si Mn P S Cu Cr Ni V Mo N Ceq
(%) () () () (%) (%) (%) (%) (%) (%) (%) (%)

rivet1 0.41 0.02 0.22 0.04 0.07 0.06 0.09 0.24 0.00 0.000.014¢0.485

rivet2 0.39 0.03 0.20 0.06 0.08 0.08 0.08 0.19 0.00 0.000.019 0.457

rivet3 0.35 0.03 0.23 0.05 0.07 0.08 0.15 0.21 0.00 0.000.023'0.438

rivet4 0.40 0.02 0.22 0.04 0.07 0.07 0.07 0.22 0.00 0.000.014'0.47C

rivet5 0.42 0.02 0.21 0.04 0.07 0.07 0.08 0.24 0.00 0.000.015.0.491

A\‘jzlrjge 0.39 0.02 0.22 0.05 0.07 0.07 0.09 022 / / 0.017 0.47

SD 0.03 0.00 0.01 0.01 0.00 0.01 0.03 0.02 / /0.004. 0.02
Cv 0.07 0.10 0.05 0.18 0.06 0.14 0.34 0.10 / /0.2311 0.05

On the other side¢he carbon content is different in plate and rivet steel.
In particular, rivets present a high carbon percentageQ&88a@twhile

the plates have a low carbon percentage (0.08%).

Confronting the experimental results in terms of equivalent carbon
percetage(Ceq)with the values given by Mang et al. (1B@&)wegler

et al. (1993)Stieret al. (1983), it is possible to note that the tested
ancient steel is similar to the modern mild steel, with the exception of
the tensile strength characteristesthermore, it should be asserted
that the corrosion resistance andntie¢al toughnesse both penalized

by the high sulphur contefthis phenomenon is particularly evident for
rivets, where the high carbon content implies low ductility, and difficulty
inmachining D6 Ani el l.o et al, 2010)

4.2.2 Tests on riveted connections

4.2.2.1 Monitored mechanical parameters

During the riveted connection tests, some parameters were monitored,

in order to describe the experimental connection behaviour. These

parameters arustated inFigure 46, andmae r eported i n DOAniell o e
al.(201L0 as described below

- 05 = (Svpr + Suop)/2: average displacement, s is the
displacement recorded by el VDT);
F,: strength, which is the maximum recorded average load,
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- g, slip coresponding to f

- F.; conventional elastic strength. The vyield force is
conventionally measured on an idealizéddair response curve
obtained from the experimental one by assuming that the areas
under the actual curve and itéri®@ar idealization hich has the
same initial stiffness and the same peak point of the actual curve,
are equal;

- s slip corresponding tq;F

- K,=FJs, elastic stiffness;

- Sqae displacement corresponding to a load equal tq, 0r8@te
postpeak branch of response curve;

- Q z/ssmaximum ductility

F 3

¥

£

<

= y Fu

o

= r 0.8Fu

Fe
Arctan(Ke) Average slip
Se Su Smax g

Figure 4.7 The stres@strain response of rivet specimen§ Dd Ani el | o et al

4.2.2.2 Failure modes

After tests, it was possible to observe the different failure modes of th
tested connections. In particular, three main failuresmvede noted:

() rivet shear failure;
() bearing at rivet holes of thinner plates;
(1) failure in tension on the net section of the steel plate.

In most cases, the connectiemhibited a combination dhilure

mechanismsin particular, the unsymmetrical joints showed mixed
failure modes, combining types | and Ill. On the other side, symmetrical
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connections are prone to collapse following the single failure mode, as
the rivet shear failuf® or thebearing at rivet holes of thinner plates

(IN. The main types of failure mechanism and the relevand force
displacement response curves obtained by tharesisown ifrigure

4.8. The mechanical parameters monitored during the tests are reported

in Tables25 for riveted connection with a single rieeiin Table 46

for joints with rivetsinarowDd Ani el .o et al, 2010)

80 -

Shear (kN)//\'\ U16-10-1
60 /
40 /
20

Average Slip (mm)

0
0 Ld
- ! 0 1 2 3 4 5
(a) Rivet shear failure (U1®1).
E 1 r ggg Shear (KN) | 522122
717 o T /"""-_—\
200
150 \
58 Average Slip (mm)
A BR S & 4 ] o 3 6 9 12 15

(b) Plastic bending and tearing of the steel plate in net s&2ibpZ).

150 T
Shear (kN) |S16-10-1

120 /
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60 /
30
é Average Slig (mm)

0 2 4 6
(c) Rivet shear failure and yield in bearing of inner plateX£16
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250 Tshearfin) | $19-10-1
200 " _‘\
150 \
100
50 ,I
0 Averﬁge Slip: (mm)

0 2 = 6 8 10 12

350

Shear (kN) $22-12-4
300
250 / /
200 /
150 /
100 /
50
0 Average Slip (mm))

0 2 4 6 8 10

(e) Net crossection failure (S22-4).

Figure 4.8 Main types of failure mechanism and relevant response curve.

4.3 INTERPRETATION OF EXP ERIMENTAL RESULTS

The mechanical parameters, monitored during experimental tests,
influenced the riveted connections overall behaviour. The effects
these selectedparameters on the response of the connections are
analyzedtelow.

4.3.1 Effect of load eccentricity

On the basis of the experimental results, it should be noted that the most
important factas that influencethe joints overall behavioare the
geometry of the connection and the loading conditimhsed, these
factors determine the connectstrear behaviour.
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Table 4.5 Single rivet specimens: parameters characterizing the mechanical

response( D6 Ani el l a et al ., 2010)
Single .
rivgt specimen Fp Su Smax Fe Se ke >=sy/se

A 146.08 551 7.00 107.01 0.39 27438 14.13
B 14799 6.26 759 109.22 043 253.56 14.53
C 13143 390 534 90.06 0.35 257.87 11.17
Average 141.83 5.22 6.64 102.10 0.39 261.94 13.28
SD 135 053 042 157 0.03 1473 0.29
Cv 001 010 0.06 0.02 0.07 0.06 0.02
A 80.02 250 339 66.94 041 163.27 6.10
B 83.95 3.83 436 6441 042 15336 9.12
C 76.71 3.06 391 6230 045 138.44 6.80
Average 80.23 3.13 3.89 6455 043 15169 7.34
SD 4697 174 214 3748 0.21 87.43 4.48
Cv 059 056 055 058 049 058 0.61
A 180.45 5.80 11.17 136.01 0.46 295.67 12.61
B 232.35 12.08 14.80 141.70 0.46 311.43 26.55
C 207.12 10.10 11.40 130.02 0.53 24766 19.23
Average 206.64 9.33 1246 13591 0.48 284.92 19.46
SD 109.20 520 691 70.84 0.13 154.12 11.47
Cv 053 056 055 052 027 054 059
A 86.99 3.04 385 4736 043 110.14 7.07
B 108.93 285 3.68 9534 046 207.26 6.18
C 108.52 5.12 6.04 64.00 047 137.63 11.00
Average 101.48 3.67 452 6890 0.45 151.68 8.08
SD 5165 190 2.60 4040 0.15 87.81 4.47
CcVv 051 052 057 059 034 058 055
A 225.16 654 7.86 126.70 0.31 41541 21.43
B 207.17 6.93 795 12535 0.50 250.70 13.86
C 21719 6.43 7.14 149.00 0.60 27091 11.68
Average 216.51 6.63 7.65 133.68 0.29 1125.07 50.70
SD 11196 3.24 374 63.06 0.14 18331 9.40
CcVv 052 049 049 047 049 0.16 0.19
A 100.63 3.65 4.15 60.07 041 148.32 9.00
B 14528 555 657 87.37 0.61 143.23 9.10
C 106.84 381 472 7336 0.80 91.70 4.76
Average 117.58 4.34 515 73.60 0.61 127.75 7.62
SD 62.34 209 250 36.93 0.20 81.04 4.49
053 048 049 050 033 063 0.59
173.59 8.00 10.77 133.35 0.30 44450 26.67
18457 4.93 10.94 138.70 0.42 330.24 11.73
190.89 6.77 10.62 136.01 0.46 298.92 14.87

S16161

U-16101

S$19101

U-19101

S$19121

u-19121

S$22-101

@)
0>
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Average 183.02 6.57 10.78 136.02 0.39 357.89 17.76

SD 89.01 331 547 69.38 0.09 208.04 11.50

CcvVv 049 050 051 051 023 058 0.65

A 143.13 9.33 10.14 79.34 0.78 102.37 12.03

B 146.43 10.32 11.09 76.02 0.67 113.46 15.40

U-22101 Average 14478 9.83 10.62 77.68 0.73 107.92 13.72
SD 233 070 067 235 008 784 238

CcvVv 0.02 007 006 003 011 0.07 0.17

A 236.18 432 6.11 15672 0.48 329.94 9.08

B 238.23 6.02 10.05 153.36 0.56 273.86 10.74

S$22121 Average 237.21 5.17 8.08 155.04 0.52 301.90 9.91
SD 145 120 279 238 0.06 39.65 1.17

Cv 001 023 034 002 011 013 0.12

A 143.39 3.83 446 94.67 0.48 197.23 7.97

B 128.74 547 6.38 84.70 0.49 172.86 11.16

C 14861 3.93 473 137.36 0.93 147.70 4.23

Average 140.25 4.41 519 10558 0.63 17260 7.79

SD 7837 240 256 5126 023 97.22 5.33

CvVv 056 054 049 049 037 056 0.68

U-22121

Considering the two different ays&d configuration, it is possible to

note that unsymmetrical joinése subjected to secondary bending
moment induced byhe load eccentricityThis phenomenon causes
significant oubf-planedisplacements, which tend to lift off one plate

from the adjace one at each connectio®®n the basis of the
experimental results, it should be noted alsahiaffects of bending

are mainly confined to the regions where plate discontiocities he

effects of the secondary bending moment are strictly depeyndha

joint length: indeedsahe joint length increases bending will become
lesspronounced and the influence on the behaviour of the connection
shoul d decr ease . (ThrSelefiecte drd traceable ina |l . |,
boltedconnections, whighresenthe same configuratig@houknyet al,

1970) Another parameter that influences the magnitude of secondary
bending moment is the number of rivets: in case of a single thet

direction of the applied shear lpottk effects induced by the bending
moment are most pronounced; on the contraryintheenceof bending

is lesspronounced in specimens wittorerivets. In the first case, the

rivet is subjectedo single sheaand also to a secondatgnsile
component, which transmits the flexural adm A ni el | o. et al
Furthermore,he plate material is also affected by high bending stresses,
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caused by load eccentricity: for this reasmondary bending moment

slightly reduces the ultimate strength of short connections.

For what concern longeansymmetrical joints, the incidence of

secondary bending moment is less evident, so that in connections with a

maximum of two rivets in line, the collapse is assignable toThiets.

phenomenon is probably causedilypmpleteequalization of the load

before rivet failure, so the collapse appears like a simultaneous shearing

of all rivets .(D6Aniello et al ., 2010)
The symmetrical specimems the contrary, are characterized by a

perfect centred applied load, so that secondary bending moment not

occurs. Obviously, these connections are not subjectefiiexoral

deformation.Tests demonstratetthat the differential elongations are

greater at the ends of the josd that while the centre plate féhls,lap

platesarestill elasticThis phenomenoniswel descr i bed by DO6Ani el |

al , 2010 ,Thigihdae to therlow tewel of thie applied Vasd
respect to their plastic strength, which was confirmed bipdbece of
L¢eder l ines on the pl aapplisdiloaksisir f aces. It
concatrated at the end riveis. | ndeed, as the | ength of

increases, the plates become less stiff and resistant and not allow the
equal redistribution of stresses in all rivets: this causes the failure of the
centre plate in the net sectianith larg plastic elongation of the end
holest D6 Ani el l.o et al ., 2010)

4.3.1 Effect of variation in An/Ag ratio

One of the monitored parameter during tests was the stress ewolution
the net section of plates. It was observed that, when failure occurs in the
net sectin, the ultimate tensile strength of the plategreagethan the
ultimate stress obtained by threaxial coupon test§his discrepancy

was also founded and studigdother researchgchenkeet al; 1954,
Munse 1970 Schutz 1952Koegler et al,1943)and it is known ahe
00net eD & Arcii eelnlcoy 6et.  a [This pherdriehdn, wrote that:
may be attributed to thiact that the presence of the hole also gives rise

to transversetresses generating a sort of mulsiplss effe¢Schenker

et al; 1954)emphasizely the presence of clamping force in the rivets,
which avoid freateral contractions in their vicirdty.

The examined cases showed an average increase of the tensile strength
equal t013% (SD = 33.10 MPa, CV = 0.07); however, tfaximum
calculatedvalue was considerably larger and was 23% for specimens
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U22-12-4 and 32-12-4. The net efficiency was considerably higher when

the specimen has a smgllA ; ratio, that meana small gauge width.

This phenomenon is caused by the high stress concentration and by the
effect of the clamped rivet heltdwas also observed that these effects

are less evident when the gauge width ince@&sésAni el | o et al

4.3.2 Effect of plate width

Another important parameter that influences the net efficiency is the
plate width. Experimental tests were carried out considering different
plate width to evaluate the effect on the overall behaviour and on the net
efficiency. Indeed, two differeplate widths for the same geometric
parametersere tested fod1910-4, which faled in tension in the net

area. On the basis of the experimental results, it can be asserted that the
ultimate strength of the connection increases as the plate widdesncrea
D6OAni el l o et al , 18 Qehedal, it voab eeognizeeld al
that the ultimatéensile strength of specimens failed in tension on the
net sectionncreased with an average scatter of 10%, varying the plate
widthfrom the minimum to the mamum w/d ratiod

Sometimes, the failure mechanism could vary if the plate width changes.
On the basis of the tests, it was observed thaxlf®10-2, varying the

plate width, the collapse mechanism changes from rivet shear to net
section failure. The speen was preparembnsideringwo different

plate widths90 and 60 mmand beingequalall other geometric
parameters.

D6Aniell o et al, 2010, oBNd®9B:v ed al
8, introduceck/d ratios where gis the distance from therdre of a

hole to the adjacent edge in the transverse direction of the lapplied

to takeinto account thenfluence of the plate width on single row
riveted connection¥he examined samples preseejgtratios equal
respectively t@.08, 1.09, 1.68hd 1.87The first two cases, that are the
smaller values of/é ratios, corresponded to the smaller values of
normalized net areas, and it is possible to note that in these cases the
limiting edge distance i less than the limiting valeeO 1,. 2 d
prescribed by EN 199381 2005. Nevertheless, the observed ultimate
strength of these specimens is greater than tlealon&ated according

to the EN 1993:Bformulagy D6 Ani el | o et al . 2010)
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4.3.3 Effect of joint length

The joint length represents aofethe most important parameténsit
affectthe connection ultimate strengthis characteristic is particularly
significant for the unsymmetrical joints, in which secondary bending
moment plays a determinant rule for the collapse. As mentioned above,
the incidence of the secondary bending moment strictly depends by the
joint length. Together with these considerations, some remarks could be
done on the influence of pitch on shear capacity of connections,
although the experimental teditd not explicitlyaim to investigatis
influence onjoints behaviouand specific pargetric tests were not
performed. However, it is possible to note that, for the investigated
specimens, spacing did appreciablinfluencehe shear strength.

For what concern the Inénce ok/d ratios on the joinbehaviourthe
specimens presented that ratio largerltzarwhichs theEN 1992:18

limits Nevertheless the end distance resulted insufficient when the joint
collapse in bending, and the rivet spiithroughthe exd of the plate

This phenomenon occurred 19101, S2210-1 and S222-1.

Tests results demonstrated how the shear strength varies according to
the rivet number and th& /A | ratio. As the rivet number increases,
both symmetrical and unsymmetricattjodo not present a linear
increase in strength. On the contrary, the increase of the number of
rivets determines a decrease of connection strength, due to the fact that,
considering the particular configuration of the examined joints, failure
modediffe r ent from the rivet shear occurs (DOBdANI

Table 4.6 Specimens with rivets in row: parameters characterizing the

mechanical respons¢ D6 Ani el |l a et al ., 2010)
R'\:g\t; " specimen Fo Su Smax Fe Se Ke  >=su/se

A 141.87 2.78 3.97 9868 048 207.75 5.84

B 162.23 3.84 461 105.36 0.56 189.84 6.91

C 161.37 2.88 3.69 110.68 0.53 210.82 5.49
Average 155.16 3.17 4.09 10491 0.52 20280 6.08
SD 14.40 0.75 0.45 4.72 0.06 12,66 0.76
CV 0.09 024 0.11 0.05 0.11 0.06 0.12
A 236.56 18.97 22.40 166.69 0.99 169.23 19.25

B 241.13 23,51 27.30 168.69 1.01 167.02 23.27
U-16104 C 242.85 2341 26.60 170.68 0.96 178.72 2451
Average 240.18 21.96 2543 168.69 0.99 171.66 22.34

SD 133.85 12.12 1433 9546 053 9354 12.13

U-161062




4. Experimental activity oivetedconnections

CV 056 055 056 057 054 054 054
A 33663 1424 1680 23669 084 28177 16.95

B 34602 1627 18.75 240.71 0.60 40455 27.34

<1010, C 33260 1046 1345 230.69 063 366.17 16.60
Average 338.42 13.66 16.33 236.03 069 350.83 20.30

SD  167.40 7.04 823 11672 0.5 182.16 11.12

CV 049 052 050 049 021 052 055

A 20155 435 529 12868 062 20755 7.01

B 19622 436 517 12669 066 19342 6.66

(L\J/\;i}j?r}gcz) C 23235 522 640 12670 0.64 197.97 8.16
hm)  Average 21004 464 562 127.36 064 19965 7.8
SD 9514 268 319 6199 027 9748 436

CV 045 058 057 049 042 049  0.60

A 10000 13.12 17.38 128.68 053 24510 24.99

B 18423 1330 1751 123.36 052 237.23 2559

x\;ild?ﬁ%g C 18892 13.83 1829 121.34 1.10 110.81 12.63
hm)  Average 187.75 1342 17.73 12446 072 197.71 2107
SD 8930 674 905 6025 012 117.85 13.26

CV 048 050 051 048 017 060 0.63

A 35463 10.69 1430 25404 074 34563 1454

B 3537 1102 1385 25145 062 40556 17.77

c1o104. C 35296 969 1245 256.67 064 40420 1526
Average 353.62 1047 1353 25405 067 38513 1586

SD 18209 489 640 13069 031 19040 7.52

CV 051 047 047 051 047 049 047

A 35661 23.12 2615 25001 1.29 19381 17.92

B 35552 2204 2510 24338 1.30 187.94 17.02

(L\’A;it?ﬁgg C 35512 2528 2840 24667 1.06 23271 23.84
mm)  Average 35575 23.48 2655 246.69 122 20482 1959
SD  169.89 11.64 13.04 11732 053 9514 8.30

CV 048 050 04 048 043 046 042

A 18437 1453 1845 12269 082 14962 17.71

B 17842 1184 17.00 121.34 076 16072 1568

t’/\;iﬁlgg C  183.07 1098 14.65 130.70 0.72 182.80 15.36
mm) Average 18195 1245 1670 12491 077 16438 16.25
SD 8874 623 816 6003 019 7319 7.86

CV 049 050 049 048 024 045 048

A 27889 275 456 25738 032 80431 858

B 29835 671 839 21270 050 42540 13.42

cppizp_ C 29689 7.68 944 21002 055 38536 1408
Average 291.38 5.71  7.46 226.70 0.46 538.36 12.03

SD 14563 295 371 12208 0.14 369.03 534

CV 050 052 050 054 030 069 044
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A 279.05 1046 11.63 170.02 1.6 106.26 6.54

B 255.24 8.88 10.13 184.03 1.63 11290 545

U-22122 280.77 11.60 13.49 170.72 1.64 10410 7.07
e Average 271.69 10.31 11.75 17492 1.62 107.75 6.35
SD 127.12 4.73 5.27 8342 0.81 156.56 2.72

Cv 047 0.46 0.45 0.48 0.50 1.45 0.43

A 308.94 9.76 12.17 249.26 0.75 334.46 13.10

B 298.54 9.76 12.00 250.06 0.85 293.58 11.46

S902124 C 303.50 7.24 8.95 24768 0.66 373.88 10.93
Average 303.66 8.92 11.04 249.00 0.75 333.97 11.83

SD 147.93 4.49 5.68 12461 0.16 150.66 6.29

CVv 0.49 0.50 0.51 0.50 0.21 0.45 0.53

A 308.94 15.67 18.60 201.34 0.85 236.87 18.43

B 303.59 13.16 15.40 200.68 1.07 18843 12.36

U-22124 C 303.66 15.23 17.90 202.69 0.88 230.33 17.30
Average 305.40 14.69 17.30 20157 0.93 21854 16.03

SD 146.89 7.14 840 9464 046 10206 7.72

CVv 0.48 0.49 0.49 0.47 0.49 0.47 0.48

As mentioned above, increasing length of joint plates) at@ not

sufficiently stiff, do not alloanequal redistribution of shear stresses in
rivets. This phenomenon cauaesnset ofyielding in the gross section

of the platelndeed, the tested specimens that have a large number of
rivets do not present lligh shear stress concentration in the rivets
edlongegjoints ,havi@gltie O
largerA,/ A, ratio showed a lesser decreasaverage shear strength

shanks.

DO ANi

el |

(0]

when compared with the shear strengtha dfingle rivét This B
particularly true for unsymmetrical joints with up to two rivkilg this
symmet ri

wasnot rue f or

The strength capacity of riveted connections is particularly influenced
also bythe A /A ; ratio. Depending onhte magnitude of this parameter,

the shear strength could not differ appreciably from unsymmetrical
joints, in which rivet is loaded only in one shear plane, to symmetrical
joints, that are characterized by rivet loaded in two shear planes. This
phenomenoroccursfor a low A /A ; ratio due to the fact that in
symmetrical joints the inner plate is the weaker one, and it is not

c al

a l

speci mens

sufficiently stiff to permisheardistribution among the rive®n the
contrary, a®\/A ; ratio increases, the inner plate becostiéfer, and
allow the shear distribution among rivets.

SO wr ot e t

(D6ANi el | c
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Table 4.7 Specimens with rivets in row: parameters characterizing the

mechanical respons¢ D6 Ani el | a et , 2010)
Fu Failure Fecs Failure F* Calc. Failure
Average mechanism Calc mechanism strength  mechanism Ful R
strength 3 F*
Strength (Test) (EN 1093 18) (EN 1993 18)  (proposed formulas(proposedformulas)
[KN] [kN] [kN] [kN]
\
S$16101 141.83 + B (seQ 99.31 \ 148.97 \% 1.430.%
U-16161 80.22 \ 49.66 \% 74.49 \ 1.621.08
S191061 206.64 B 140.05 \% 243.38 B 1.480.85
U-19161 101.48 \ 70.02 \% 105.04 \% 1.450.97
\
S$19121 216.51 + B (seQ 140.05 \ 210.07 \% 1.551.03
U-19121 117.58 \ 70.02 \% 105.04 \% 1.681.12
S$22101 183.02 B 126.20 B 189.30 B 1.450.97
U-221061 144.78 \ 93.88 \% 140.82 \% 1.541.03
S$22121 237.21 B 151.44 B 227.16 B 1.571.04
U-22121 140.25 \ 93.88 \% 140.82 \% 1.491.00
U-16102 155.16 \ 99.31 \% 148.97 \% 1.561.04
U-16104 240.18 T 187.46 \% 259.61 T 1.280.93
$191062 338.41 T 280.10 \% 341.34 T 1.210.99
U-19102
(width 90 210.04 \% 140.05 \% 210.07 \% 1.501.00
mm)
U-19102
(width 60 187.74 T 140.05 \% 197.11 T 1.340.95
mm)
$19104 353.62 T 307.21 T 341.34 T 1.151.04
U-19104
(width 90 355.75 T 275.01 \% 341.34 T 1.291.04
mm)
U-191064
(width 60 181.96 T 177.40 T 197.11 T 1.030.92
mm)
S22122 291.37 T 249.23 T 276.92 T 1.171.05
U-22-122 271.69 \ 187.77 \% 281.65 \ 1.450.96
S22124 303.66 T 249.23 T 276.92 T 1.221.10
U-22-124 305.40 T 249.23 T 276.92 T 1.231.10
Average 1.401.01
SD 0.170.07
Ccv 0.120.07

Legend V=rivet shear failure B = plate bearing T= failure in tension in the net section

91
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In this case the presence of twoash®@anes implies a benefit for the
shear capacitgyen if failure modes other than rivet shearing may limit
this effect.

4.00

Unsymmetric specimens
3.50 : ;

1

. 300

2.50

FyilF,

2.00 ) ‘ :

1.00

rivet number

Figure 4.9 Rivet number vs. ultimate strength @nsymmetrical specimens).
( D6 dlaetal., 2010)

2.00

Symmetric specimens

rivet number

Figure 4.10 Rivet number vs. ultimate strength $§ymmetric specimens).
(D6Aniell o et al , 2010)
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Symmetric vs. Unsymmetric

Faym”: unsym

1.50
1.25
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rivet number

Figure 4.11Symmetric vs.unsymmetrical specimen shear capacityt Dd Ani el | o
al., 2010)

et
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Finally,it should benoted as menti oned byyhatD6ANi e
othese charts were provided to RiSpectors as a quick and easy tool

with which to assess the shesgracity of the connemts of RFI lattice
structures. Therefore, thegnnot be extended to connections having
different geometriés

4.3.1 Effect of clamping forces

Another important parameter that influences the shear strength of
riveted connections is the rivet clamping forceedauy the cooling of

the rivet after the formation. Experimental tests were not planned to
monitor the entity of the rivet clamping force, becauseag not
measured directly. However, from the analysis of experimental results, it
Is possible to evaluatee effects on joint behaviour wériability of
clamping forces on slip resistar@enfronting the loadlip curves of

each specimen, it is possible to note that some jospecanens U16

101, U22122, S 16101 shown inFigure 48 a) and c), present a
gradual slip when the load is applied. On the corgpagimens19

101 and S2224, shown inFigure 48 d) and e), are subjected to a
sudden slip when load was applied. This different behaviour is probably
caused by the variability of clamgdorges, considering that the inner
surfaces of plates were not specifically treated to increase the friction.
The variability of <c¢clamping forces
2 0 1 dmpliesdifferent and unknown levels of {steessing of the
surfaces ofthe plates in contact and an unreliable threshold for slip
resistance

Furthermore, it was observed that specimens of the same type presented
differentslip behaviourTaking into account these considerations, it is
possible to suppose thtte variability of thgoints measurednitial
stiffness, reported in Tables 5 ands@gelated to thelegree of pre
stressing of the rivets.

D6 ANni el | 2010 evell swamimarized the results saying that:
oHowever, the slips were small that they are nexpected to have a
significant effect on reatructuresThese results confirmed that the
investigated connections cha ©nsidered as a bearigge The
possible initial slighould not affect the shape of the fodigplacement

curve to arapprecialel exterd.
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4.4 THEORETICAL VS . EXPERIMENTAL STRENGT H

On the basis of experimental results, a comparison bé&uweesode
formulas and the experimental strength of riveted connections was
carried out. This comparison is useful to evaluate the reliability of the
codes strength previsions of riveted joints. As mentioned in the first
chapter, e strength of the lap shear connections calculated in
accordance with EN 1993812005 is the minimumwf the following
formulag(see chapter:1)

1. tensile strength of the ctiical net section(EN 1993:11 clause
6.2.3(2b)),

N
b —ﬁ; #o (4.)

wheref, is thespecified ultimate tensile strength opla&
A, is thenetareaof the plate subfted to tensign

ay, IS the rivet partial safety factor equal2é

2. shear strength of the rivet¢EN 1993:48 clause 3.6.1(1)),

T FQ ¢0

Or F (4.2)

wheref, is thespecifed ultimate tensile strength of the rivet;
A, is the area of the rivet hole;
a,, is the rivet partial safety factor equal2b

3. bearing strength of the thinner plate(EN 1993:18 clause
3.6.1(1)).

Qd EQEQEO
[

wheref, is thespecified ultimate tensile strength of the rivet;
dis the nominaiivet diameter;
tis the thickness of the plate;

Oy, (4.3)
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4, is the rivet partial safety factor equal2g
4, is thesmalest ofa,; — or 1;
4, in the direction of the load transifer

- for end bolts: —,

- for inner bolt$ —_ -

k, perpendicular to the direction of the load transfer
- for edge bolts is tr@mallest ofc&— p& or 2.5,

- for inner bolts is the smallestp® — p& or 2.5.

where:d, is the hole diameter of a rivet
g is the end distance from the centre of a rivet hole to
the adjacent end of any part, measuréet idirection of
load transfer;
g is the edge distance from the centre of a hole to the
adjacent edge of any part, measured at right angles to the
direction of load transfer;
p, is the spacing between the centres of rivets in a line in
the directiorof load transfer;
p, is the spacing measured perpendicular to the load
transfer direction between adjacent lines of rivets.
For double shear connections with packing on both sides of the
splice, tshould be taken as the thickness of the thicker packing

In case of a combined shear and tension failure of the rivet, the
resistance is given by:

O o p (44)

The design resistance of a group of fastenersentalyelm as the sum of
the design bearing resistarfegg of the individual fasteners provided
that the design shear resistanggdf each individudastener is greater
than or equal to the design bearing resistgpgefherwise the design
resistace of a group of fasteners should be taken as the number of
fasteners multiplied by the smallest dessgistance of any of the
individual fasteners.
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Furthermore, increasing the joint length, the assumption that each rivet
carriesan equal rate of the pled load become less accurate. In
particularEurocode prescribes thathen thedistance [between the
centres of the end rivets, measured imlitleetion of force transfer, is
more than 15 da reductiorf a c t, onust bA applied on thesign
shearesistance k; That factor is given N 1993:18 3.8(1) as

N p@
- 45
I p @ (4.5)

Some assumptisrwere madeni order to compare the experimental
results to that obtained BN 1993:18 formulas indeed,hetheoretical
strengtl were calculated assuming that:

1. the average experimental strengths of matedglgl to unity
2. the parti al,iseqaafteunity. f act or s a

The results of this comparison between experimentals result
theoretical formulas in terms of ultimate strength and expected failure
modes are reported Table 47. Figure4.12shows the ratio between the
average experimental strer{§hand that calculated in accordance with
EN1993:88 (Fc9) ( DO A@.j2010)l o e

shear-resistant sections

2.00

1.75 1

3 1.50

W 1.25
~, 1.00 -
w 0.75 A

0.50 o rivet shear failure e plate bearing = net section failure
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OCDIOANNODODANNOTTNODNOTTNDN
Y T rooiead ¥ vl Qlingasy oy SNNGROL X SIS Yy o8
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Figure 4.12 Comparison of experimental results and predicted strength
accordingtoEC3.( D6 Ani el l o et al. 2010)
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Figure 4.13Comparison d experimental and predicted strength calculated with
proposed equations( Dd Ani el | o et al. 2010)

> O

As observedd y D6 Ani €2010:00in &ur caads .the failure
mechanismpredicted by EN 19938 differ from those shown by the
tests. Inparticular,net section failure occurred instead of rivet shear
failure The reason may be found in the large increase in ultimate shear
strength induced by hdtiven process

Considering the magnitude of the ultimate strength, a great discrepancy
could be observetietween the values obtained with the Eurocode
formulas and the experimental one. Indeedviiage value off/F .,

ratiofor allspecimens isigger than the unity, and assumes, generally, a
value of1.40 (SD=17%, CV=0.12)n Table 47, these casesear
highlighted by a letter that indicates the appropriate failure mode. The
reasons of that discrepaneyr e st udi ed L), BAGANI el |
will be discussed below.

4.4.1 Effects of hot driven process

Observing the amount of the averBgE ., ratio, that result®qual to

1.53 for specinms whose rivets failed in shear, it is possible to declare
that the monotonic shear strength of this type of connection may be
noticeably higher than that calculated according to EN -B993:1
DdANni el | o . &orsidexihg. that tRe0HbtO driven process
improves the ultimate tensile strength of the rivet of &t8atthe
amount of the ultimate tensile strength calculated accordimegEi
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1993:18 formulas still differs a lot from theexperimental values.
Reducinghte averageverstrength, ratioequal to 1.53yy the factor

for the effect of the hadriventhatmay be assumed to be 1.20 = 1.28,
with 1.20 a residual owstrength ratio equal to 1.53/1.2 = 1.28 still
remainsAs demt ed by DAd(R0Ag: ahisl implies that thd
ultimate rivet shear stregs# 0.6f, calculated according Ewurocode
(Equation4.2 is underestimatéd

In the past,Schenker 1954nd Munse 195@nalyzed the results of
different driving procedures on different types of monfigurations,
and they observed thath e r i vet sd shear strength to tensi
(f../f ) may vary within the range @®83, with an average value of
0.75.

Taking into account these observations, it was caldylated the
presentedases asllows:

0
P& ¢ ¢ ¢0

"Qx (4.6)

where:q, is the number of rivets
g, is the number of sheplanes.
Confrontingt he rivetso6 shear sfiffgefogth to tensil e ¢
the examined cases, a range of values eq(@l71o+ 0.84) with an
average value of 0.76 (SD=0.04, CV=@v@S)obtaineaonfirmingthe
values given iichenke1954; andMunse(1956)
Thus,Dd An i e | (2000 predosedadnore appropriatéormulato
calculatethei vet sd shear strength as foll ows:

g §Q ¢o
[

Or (4.7)

whereiJ, takes into account the effect of the-thdten process,
which can be assumed to be equal to 1.20 for rivets
driven in analogous mannerhioge examined,;
U,is the rivetsd shear strength to ter
which can be assumed to be equal to 0.75 in accordance
to (Kulak et al. 1987, Schenker 1954; Munse 1956).
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4.4.2 Effects of rivet clamping

An importantcontributego the overstrength dlfie riveted connections
respect to the Eurocode previsions is the rivet clarfgpogyKulak et

al. 1987)This phenomenon, indeed, induces an additional shear force
on the connection that becomes on the faying surfaces as an additional
friction resistaree This phenomenon is particularly evident in all the
specimens that failed in bearing. In these cases, ihdemarage over
strength FF .., ratio is equal to 1.50. Howeveass observed by

D Aniello et al(201Q: beodause the friction resistancesliated to the
clamping force in the rivet, the actual influence of this effect is uncertain
and further investigation is neaed

4.4.3 Effects of net efficiency

The average ovetrength FF .., ratio equal to 1.2i% observed in all
gpecimens failing in tensi@n the net sectiohis large amount of
resistance is caused by the above mentietnefficiency effecOn the

basis of thesm bser vati ons, (200 wadified ItHe o et
Eurocode formulay assuming no reduction factor:

Of @ — (4.8)

The values of strength calculated accotditiys formula are reported

in Figure 410 and are indicated & it can be observeithat these

valuesare neareto the experimental strengths) ran those given by

EN 1993:18. To confirm that observation, tlaverage valsef the

F/Fz ratio arereportedin Table 47. Thesevalues arslightly larger

than 1.00 with an werage valuequal t01.01 On the contny, the
valuesobtained using Eurocode formutassent a more pronounced
deviation(SD = 7%, CV = 0.07). Moreover, all the predicted failure
mechanisms correspond to those obtained experimé@lxni el | o e
al., 2010)



Chapte#t

4.5 CONCLUDING REMARKS

This chapterdescribes the resulté a large experimental investigation
carried out within the framework of the European project
PROHITECH. The main objective is the evaluation of the riveted
connections strength and the comparison with the actual codes
previsions, athe EN 1993:B. Due to the fact thathe majority of
riveted structures irtaly are railway constructiptise presenactivity

was undertaken in-operation with Italian railway agency (RFI), which
was interested in developing verification toolhésetriveted splices in
aged steel structures which are still in service.

For this reason, the investigation was perfoonedveted specimens
made of aged steel, manufactured with the techniques in use in Italian
railway practice. Specimen geometrydetsled as required by RFI.
The steel constituting plates and riwets characterized by performing
both mechanical and chemical tests. Tests showed good mechanical and
chemical properties (strength, chemical composition).

The results of the leghear tsts are reported and discussed, and the
main characteristics of the riveted connections behaviour are reported
and confronted with thexisting literature.

The experimental results highlighted that unsymmetrical goents
subjected ta considerable amduof outof-plane deformationThe

effects of bending were mainly confined to the regions where plate
discontinuities occurred. Obviously, as the joint length ewreas
bending was less pronounc€&lde splice with only a single fastener in
the direction bthe applied loadre most influenced by secondary
bending In this case, &econdary tensile component may also be
present. Furthermore, the plate material in the direct vicinity of the splice
was subjected to high bending stresses due to the egcehntheitoad.
Hence,the ultimate strength of short connections tended to slightly
decreasedue to the bending This phenomenon not influences
significantlythe shear strength of longer asymmetric lap joints.

At last a comparison betwethie experimenitatrengths and the failure
modesandthe resultgredicted by applying the formulas given in EN
1993:18 was made.t lwas recognized that the approach given in the
code is conservative in all examined cases. However, the scatter between
experimental andlculated strength seems excessively precautionary.
The theoretical prediction of shear strength of riwets improved
taking into accourivo parameters:
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1. the increase of ultimate tensile strength of rivets due-to hot
driven process;
2. the actual riveshear strength to tensile strength ratio.

Furthermore, e contribution made by friction resistance between the
faying surfaces constituting the splicesld be concur in the
experimental ovetrength in the bearing failur€onsidering the
uncertainBs about the clamping in the rivéiss effect needs further
investigation.

Another phenomenon was observed in experimental tegiscohen

failed in tearing at the net sectionthese cases, the ultimate strength
showed an increase of ab20¢%4 lamger than that calculated according

to EN 1993:18. This result should be ascribed to the net efficiency
effect.

In some caseests showed a differefatlure mechanisniseom those
predicted by EN 19938l This phenomenonwas due to the large
increase inltimate shear strength induced by thedhweén process,
which is not taken into account by EN 19983:1

On the basis of the obtained experimental results, some modifications to
EN 1993:18 prediction formulas are proposétie influence of the
hot-driven process and of the net efficiency effece considered to
formulate he provided equationkhe results obtained by applying these
proposed formulas are closer to the experimental strengths than those
given by EN 19938, in terms of both the ultineastrengths and the
failure mechanisms.

However,t is necessary to deemame aspectst considered during

this experimental activigych as the effect of the friction resistance on
the bearing mechanism and the presence of more rows of rivets in the
connection.

To ensure the reliability of these formulas, acaitgaigrof numerical
simulations @ascarried outthat will be discussed in the next chapter
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5 NUMERICAL STUDY OF RIVETED
CONNECTIONS

The characterization obrinections behaviour cannot be obtained by
using the classical St. Venant hypotheses in linear elasticity, due to the
stress concentration that usualpresent in connections.

oSuitable models can be obtained o
forequil i brated solutions which are
(Esposto 2008). Indeed, the determination of stiffness, strength, and
deformations of connections must be obtained with experimental
analyses and numerical investigations (Ballio anol&f@z1983).

This is suitable in particular for rivetednnections, whiclare
influenced by &t driven processdlue to the formation of the rivet,
friction and contact interactions and large displacements.

As briefly described in chapter 2, the rivetemhections are commonly
studied by using Finite Element Analyses (FEA), as a useful tool to
support experimental activities or to predict their behaviour varying
some parameters once the model is calibrated.

Indeed, Finite Element Analyses are usualiyteatdon the product
development cycles, as a complementary tool to the experimental
activity, to reduce the overall cost of the products and to rationalize the
design cycle (Esposi&b08).

In addition, FEA often are the only way to get an answer ¢cagbeof
particular problems, such as, for example, the mechanical behaviour of a
system subjected to extreme loading conditions which are impossible to
duplicate in an experiment (ABAQUS, 2006).

Finite Element Analysis a¢soa useful tool to investigasspects that

are difficult to measure or to monitturing the experimental tests: so,
when a system is already investigated by experimental tests, its FE model
could be used to obtain complementary information.

When a FE model is calibrated accordinpaaekperimental results, it

could be used o operform numeri cal anal
parameters of interest may be varied, without the necessity of additional
expensi ve expe (Esposto008.| campaignsao

10¢
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According to the above consideratiohs, research here presented is
devoted to define and implement a FE numerical model of four types of
rivetedconnections, corresponding to four kind of tespetimens. In
details, they are the specimens:

a) S16.01;

b) U16101;

c) S2212-4;

d) U2212-4.

According to the experimental results, four calibrated FE models are
presented, as a useful tool to predict the behaviour of riveted
connections.

5.1 FINITE ELEMENT ANALYSIS

5.1.1 Generalities

The Finite Element Method tends to subdivide complex systems into
their individual components, are |l e ment s 0, whose behaviour
understandable, and then it rebuildsotiginal system for studying its
whole behaviour (Zienkiewicz et al., 2004).

In general, a model may be defined as a simplified representation of
reaity. Systems and objects, irmacroscopi@erspectiveappeaitike
continuous. To obtain a model that reproduces the continuity, the above
mentioned subdivision is continued indefinitely, and the elements are
infinite. To solve the problem, it is necegssardefine it in termef
infinitesimal concepts and to solvethtough sets of differential
equationsThese problems cannot be solved using computers but only
by mathematical manipulations, wlaich often possible only in case of
oversimplified probias(Espostp2008)

The continuity, however, could be reproduced with a good accuracy also
by using a finite number of elements: the problem bembines c r et e 6
andit can be solved by means of computers also in the case of very large
number ofelementsObviously, the approximation of the results is
better adar as the number of finite elements increases (Zienkiewicz et
al., 2004).In general, as mentioned before, a continuous problem is
defined om continuous physical domain and is gogtdipalifferentia
equations (Espost?008).
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There are different discretization approaches that depemdcich

0 0 b j eselécted for she discretization: fimite difference methods
operate on the differential equations that govern the prabé&efinite
element mihod operateon the physical domain

A possible simple definition of the Finite Element Method may be the
foll owing (Zienkiewicz et al ., 2 0(
continuous problems such that the continuum is divided into a finite
numberof pats (elements), the behaviour of which is specified by a
finite number ofelements follows precisely the same rules as those
applicabletostandaddi scr et e probl emsé.

The continuum domain is subdivided into a finite number of elements,
separated by imagry lines and connected each other at the vertices, or
nodes, forming the finite element mesh

The displacementare the unknown of the problem, so a set of
equationswhichunivocally define the displacemeaitsracterizes each
finite element. The diggements of each finite element are computed at
the nodes. The stresses and the strains of each elempenirarelation

with the element displacemer8sarting from the equations related to
the single finite element, the whole equation systenmsblassdeading

to the definition of a global matrix governing the problem; the
prescribed boundary conditionserentually imposed.

The displacements, the stresses and the strains of the system are
consequently determined once the problem equation sysseiied
(Espostp2008)

5.1.2 FEA by the Abaqus computer program

Numerical analyses of the present research have been carried out by
means of the finite element program ABAQUS 6.10.
The analysis in ABAQUfsogramis subdivided into three main steps

- Preprocessing
- Simulation
- Postprocessing

The discretized geometry, the element section properties, the material

data, theloads and boundary conditions, the analysis type, and the
output requestre defined into the ppeocessing phase. The solving of

10¢
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the prdlem occurs into the simulation phase. The results of the analysis
are obtained in the pgstocessing phase.
In order to take in consideration all the possible physical problems, t
number of available finite elements in ABAQUS is veryBage finite
element, in ABAQUS, is characterized by five features (20080

- Family

- Degrees of freedom

- Number of nodes

- Formulation

- Integration

In the Figure 51 are shown the most commonly used families of finite
available in ABAQUS.

‘.’\@

Continuum Shell Beam Rigid
(solid) elements elements elements elements
: : ) v —F— \
Membrane " Infinite Connector elements Truss
elements elements such as springs elements

and dashpots

Figure 5.1 Types of finite elements available in Abaqus 6.10

5.2 FE MODEL SOF RIVETED CONNECTIO NS

5.2.1 Geometry of the moded

Four specimens have been numerically analyzed and investigated. Their
geometrical propertiase reported iRigure 2.
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Figure 5.2 Geometrical details of the four types of riveted connections FE
models.
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Figure 5.3 Geometry of numerical model
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The numerical motés composed by two main parts: plates and rivets.
Each element is defined as a single part, and is first treated as a volume,
which is then meshed into elements.

All models are simplified by assuming an exploiting of the system
symmetry with respect thet mid plane of connection (Fig. 313)is
simplificatiormakes the analysis computationally cheaper.

The symmetrgonditionincludes additional bounda&gnditions, which

are necessary to avoid the out of plane displacements and rotations of
points alonghe symmetry plane: this assumppi@vents the elements
mutual penetratiomhe symmetry condition does not allow theobut

plane buckling phenomena to be caught. Howeleing the
experimental tests, no buckling phenomena were observed, socthis aspe
does not influence the results.

The assumptions related to the other modelling issues are the same in
the four nodelsand they are presentadhe following sections.

5.2.2 The materialmodelling

5.2.2.1 Generalities

A wide range of material types are availaBiIBAQUS, that cover all

the possible problems related to metals, concrete, masonry, and so on.

For what concerns ductile materials, the plasticity could be taken into

account considering al$mt driven procesphenomena and nen

linearity characteristicstbé material.

Usually, during the experimental tests, the strains and the stresses are

measured referring to the initial geometry of the specimen. These

measures are cadk)edndnomomghastsaresdsp ( Dz
The nominal strm is defied as the ratio between the total elongation

('1) of the specimen j):n tension and the init
ya -
5 (5.1)

Nominal stress is defined as the ratio between the value of the)force (F
and the initial cross section area of the specirg)en (A
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0 -’
5 (5.2)

Il n ABAQUS, the materi al mu st be de
Ot rue dtto dakeniato dccount the ocamee of finite
deformations and the nearly incompressible nature of the plastic
deformations in ductile materidlsue strain is derived from nominal
strain by consi der Tronegtresshseobtdinedrby t P
imposing that the actual volumef dhe part undergoinglastic
deformations is the same as the initia(lBsgosto2008)

o @ Ogd (5.3)

On the basis of the above considerations, the nominal vs. true
relationshipare the followig onegEsposto 2008)

- i I p - )1 ” ” p - (54)

For the definition of the plastic range, ABAQUS requires the value of
the plastic true strain, which is obtained by subtyabie elastic true
strain (DzZ/ E) fé& om the total true

- - ” J O (55)

In case ofmetal plasticity the incompressiblenature of plastic
deformationamposes @me limitations on the sef®n of te finite
elementsindeed, additiondinematic constraint on the finite element
are involved inincompressibilityin particular,the volumeat the
integration pointmustremain constanin some kinds of elements, this
limitation makes theniie element ovaronstrained, with consequent
stiffer behavi our . The phenomenon IS
| o ¢ k innpgrticular, the most susceptible elem@&ntgolumetric
locking are thefully integrated secomdder solid element©n the
contray, reduced integration solid elemeobsgracterized by fewer
points at which the incompressibility constraints beusiatisfied, are
not overconstrained and so they can be used for most-plastic
simulationgEspostp2008).
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5.2.2.2 Mechanical characteriation

Steel material, in this particular case, was definsthghe mechanical
properties obtained from the experimental tests on rivets (C16, C22) and
on plates (S10).

For what concern rivets, three tests were performed for each rivet
diameter. Thexperimental curves obtained from tests on rivets C16 are
reported inFigure %4, the experimental curves obtained from tests on
rivets C22 are reported figure 55 After a refining procedure of the
experimental curves, a medium curve was obtained.%FFkjg33.Y.

That constitutive law does not take into account the effleot dfiven
processnduced by the formation of the rivet: this phenomenon was
considered by increasing the sts&ssn relationship by means of an
experi ment aloefah2010amd wiflbe digcnssed in the
next sectionThe curvewere transformed in true strérse strain.

500

Stress (MPa) —C16-01
400 f \\\ T _21232
300 - N\ \

200 - \ \
100 - \ \

\ Strain
0

0.00 0.08 0.16 0.24 0.32 0.40

Figure 5.4 Experimental curves for C16 rivets
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500
Stress (MPa)
300
200 -
—C16-medium
C16-true
100
0 | Strain
0 0.03 0.06 0.09 0.12 0.15 0.18

Figure 5.5 Refined curvesand true stresstrue strain curvefor C16 rivets

500

Stress (MPa) C22-01
—C22-02
400 / ’\ —C22-03

300 \\
200
100
S$Strain
0
0.00 0.08 0.16 0.24 0.32 0.40

Figure 5.6 Experimental curves for C22 rivets
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500
Stress (MPa)
300
200 -
—C22-medium
C22-true
100
5 | Strain
0 0.05 0.1 0.15

Figure 5.7 Refined curves and true stressrue strain curvefor C22 rivets

The some procedures were performethfoconstitutive law of plates
500

Stress (MPa) $10-01

510-02

. ==-510-03 .
—3510-04

\ —510-05

|
|

\\Etrain

0 0.1 0.2 0.3

Figure 5.8 Experimental curves for S10 plates
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600

Stress (MPa)
500 -

400 | /
—S10-medium

300 | S10-true

200 -

100 A

Strain
0 T T T
0 0.03 0.06 0.09 0.12 0.15 0.18 0.21 0.24

Figure 5.9 Medium curve and true stresdrue strain curvefor S10 plates

Table 5.1 Mechanical properties of rivets

Elastic properties Plastic properties
% E 210000 MPa fyd 331.5 MPa
& 0 0.3 & 0.225
g E 206436MPa fyd 328MPa
&5 Q 0.3 & 0.27

5.2.3 The interaction between the component parts

Contact problems, in which two adjacent surfaces may be either in close
contact or not during the simulated physical process, arky statebd

by ABAQUS/Standard. To define a contactinteraction the
identification of thesurfaces in contact and the interaction properties
must be identified. The contact properties charadiegizehaviour in

the normal and tangential direction, retetothe contact surfaces.

11
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Regardingthe normal behaviour t he 0 c Ithee adistante e 0 i s
separating twaurfaces When the clearance between two surfaces
becomes equal to zetbe contact constraint is applied (FigCe3. In

the contactformulation, there is no limit to the contact pressure
magnitude which can lWensmitted between the surfa¢Esposto

2008) The contact constraint is removed wihensurfaces separétas

phenomenon occurs where contact pressure betweendindaces in

contat becomes equal to zero or negatiVhis behviour is called
oharddé cone0@8t (Esposto

7 (shear stresg) Shipping
“ T ctit , >
Sticking ‘

¥ (shp)

_ Contact pressure

-

a) ; Contact clearance b)

Figure 510l nt er acti on properties in contact interactions:

contact interaction; (b)frictional behaviour (ABAQUS, 200.

Regardinghe tangential behaviour, the relative sliding between the
contact surfaces and the related friction forces are calcBlaited.

of i ni te Dlsimshii iddodnglationd can be adoptedsolve

this complex type of calculation. Regarding the computational time, the
0smal l slidingd6 for mul atdamurateias muc h
t he of i ni tTaeCeulomldornmulgtion isothre enost common

modelfor describing tangential friction des In this formulationas

well known, the tangential motion is zero until the shreas reaches a

critical valuel§z), related to the normal contact pressuracgording to

the following equation:

T Agm (5.6)

where Q i s t hdEsdosta2008)he lochaviaueofthei ci e n't
Coulomb frictionmodel is summarized Kigure 5l(b, where it is
plotted by a thick line.

ess

exp
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In the riveted connection modelrfaceto-surface contacts are used
model the following interactiora: between the internal surfaces of the
hole and rivet shank (Fitfla,b,c); b) between the rivet heads and the
external plate surfaces (Hidg,b,c); c) at interface between the plates
(Fig.11d) (Marmo et al. 2010)

Figure 5.11Modelling assumptions: implemented contact conditions

In general, the master surface of the sutideg@face contact must be

the stiffer elementonsequently the slayesurface is the surface of the
most deformable part. In this case, the master surface is always the rivet,
and the plates are the slavery ones.

Surfaceo-surface contacts model the behaviour of parts that can be in
contact or not, depending on configora of the system. ABAQUS
permits also the setting of friction properties between the parts in

11t



Chaptel5

contactl n particul ar, a openalty fri
modelling the interaction betweeplates and rivetwhich allows
transmittingboth diear and normal forcethe considered friction
coefficient igqual to 0.3

5.2.4 Element type and mesh

The 8node brick continuum element C3D8R, with 8 nodes per element,
3 degrees of freedom per node and a linear interpolation function was
adopted for modefig both rivet and plate$his kind of element
matches therequirements typical of problems involving material
plasticity, contaatteractions and large size models (Esi2308).

b)

Figure 5.12Mesh thickening in the parts in contact.

After a preliminary sensitivity study of the mesh, in order to minimize
numerical discrepancy due to the contact boundary conditions, it needed
to thicken the mesh sizing, making refpeaditions of plates and/et

as shown in Figures 34,b(Marmo et al2010) The mesh refinement

of the surfaces involved in contact interactions derives from the rigid
mastesslave algorithm usdan contact by ABAQUS/Standara/hich

implies that slave surfaces must be mestasdly athe master ones:
allowsachievinga good accuracy of the resultsee mesh of cylindrical

parts, such athe rivet shankderives from aalibration of the model
(Marmo et a]2010).
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