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ABSTRACT

The use of concretilled tubular compositenembesand composite bearhsisbeen implemented

in many structural systems due to their robust structural npeaftce, constructability, and
inherent synergy whethe steel and concreteomponentsare properly designed and detailed
together. While extensive research has been conducted on cditle@teel structural members,
relatively little has been done redang similar composite connections. Understanding how
composite connections behave in structures and how they should be modeled during the design
process is crucial to predict the actual structural behavior of these types of elehenstisbjeced

to different loading conditiong.he goal of this research is to numerically evaluate GFBRCs
members and their connectiosisbjected to axial, shear, and flexural loRakdicting composite
connection behavior is exceptionally challenging due to the coumavior of the steel and
concrete, the residual stresses in the steel, local buckling of the connection, and the sensitivity of
the stressstrain response to the st@eincrete contacnd confinemenperformance. To address

these issues, a thoroughefigiture search has been carried out and a-cftdlbe-art report on
experimental and numerical models for composite connections is presénéedelected tests
represent a range of geometries, materials, and governing failure modes. Initially, a generic
connection modeling process was developed and calibrated against a classical test, then three more
connections were modeledo further the understanding of composite behawbear studs in
steelconcrete composite beams were modelest taking as refencea recentexperimental
program that resulted in an unusual faillResults indicate that the model can reproduce the most
important behavioral aspects observed in the tests, tracking well the strength and stiffness of the
samples up talltimate. The loadieformation curves of the experimental specimens and the
analytical models show very good agreement in their transitions and indicate that the behavior of
the composite joints is controlled mainly by both the strength of the concretbeandnfining

effect of the steel tube in the joit.data appendix containing 135 tests is described anudire
characteristics of these test®summarized in the text.
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GENERAL AUDIENCE ABSTRACT

Every day the population increase is more evident, and the main cities of the world are densifying.
This implies the accelerated constrantiof all types of structures, especialltall residential
buildings. For the design of these structures, architects design increasingly slender structures,
which must beesilient undeall type of forces. The foregoing is exerting pressure on structural
engineers to design structures that have the capacity to be built in the shortest possible time without
losing their functionality and safetyhis is where steel and concrete composite construction plays

an important role. The main advantage of compasitestruction is the synergy of both materials.
Concrete is inexpensive and provides high stiffness, mass, and fire resistance. Structural steel has
high strength, ductility, lightweight, and ease of construction. Composite construction has been
used for dong time in tall buildings, and experimental and numerical research has been carried
out, especially on the beam and column elements. However, comparatively little research has been
done on composite connection behavior and design.

This dissertation proposes a numerical evaluation of the composite connections in beams and
columns under different types of loads in order to establish modeling parameters that facilitate the
analysis and structural design of these elements. Mpertant numerical models are validated

with experimental investigations. The results show that the numerical models are capable of
simulating the structural behavior of the tests, especially the damage mechanisms and the modeling
of local behavior. This tady contributes to the development of simulations of composite
connections, determining modeling parametsush as the contact resistance between atetl
concree and the distribution of sheatuds in composite beams, among others.
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Chapter 1.

1. Introduction
1.1.Background and motivation

Compositeaction has been implemented in many structural systems di rtubust structural
performance, constructability, amtonomywhen structuralsteel and concreteomponentsre
properlytied together ad ale to act a a unit.

The term "Composite ConstructionConcrete and StéglBuckner and Viest, 1987} applicable

to the case of structuralements composed of structural steel and reinforced concrete in which
both materials work togethéhrough connectors and/or friction in several surfaces (i.e., in
concretefilled tube connectionsFigure 1.1). The term is applied alsostructural sysims that

are composegrimarily of onestructural elemenn steel andne inconcrete that workogethey

i.e., composite beanFigure 1.29) or to situations where a composite element is used as a
transition between an essentially reinforced concretesteel system (Figure 1.2.bJThese
applications have been enabled by a large amaoiutiteoretical (analytical and numerical) and
practical (experimental) researchlowever, not allof its developments arwell-known or
recognizegas they come from manyfeerent countries and have not all been translated or even
formally published. Thus, amy parallel developments on this topic occurred in different places at
essentially the same time, and it was often years b#fisr&nowledgédecame generallynown.

Herein, he general term "composite construction” refersthie use of structural elements
consisting ofeither concrete filled tulse(CFT) or steel encased (SRC) elemeatsl their
numerous variationsome possible configurations of these members are shdvigure 13.

Figure 1.1 Typical configurations of concrefédled composite connections.
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Figure1l.2 Composite system applications
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Figure 1.3 Some possible configurations of steel and concrete composite members.
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The first formal research on stemincrete composite members and their connections dates back
to the late 19306Batho et al., 1939)However, composite construction has been used since the
late 1800s in the construction of buildinffsaschan, 1992)ridges(Griffis, 1994) industrial
facilities (American Petroleum Institute, 201@)s well as in retrofitting existing structur@&m

and Shinozuka, 2004)

The use of composite construsti has several advantages over conventional steel or concrete
construction. Among these advantagase carmention:

Optimal useof the materiaproperties
Larger free spans

Greater resistance to corrosion
Greater resistance to fires

Speed ofconstruction

Lower construction cost

= =4 =4 -4 -8 -9

However,composite constructionas some disadvantagesch athe need

9 for special connectors (shear stathsl similar anchojsesulting inadditionalconstruction

and inspection cost,

to consider two separastages in design, before and after composite action develops,

to address the longgrm effects of creep and shrinkage of concrdte serviceability

performance,

1 for two constructiorspecialties (reinforced concrete construction and steel construction)
to work seamless|ywhich involvescarefulscheduling and execution of the work.

1
1

Numerous investigations have been carried out to understand the structural behavior of composite
elements, especially bearolumrs (M. Denavit, 2012; Molenstra, 1990; Perea, 204 floor
systems(Alsamsam, 1991; Johnson, 2008; Oehlers and Bradford, 1898ame but a few
However, little has been done rediag composite connections. this dissertation, an exhaustive
review of past research on these tojgcgiven Because each chapter addresses different issues,
eachpresents its own discussion of the staft¢he-art ForexampleChapter 2 presents theview

of 135 test specimens available in the literature of composite connections as well as the analytical
investigations carried out. Chapter 3 presents a discussion of advanced mindedegr studs

in composite beam®r both the conventional pushibtest and for long composite beams in
buildings

While investigations have helped to better understand the structural beha@bif®r SRCs
connections, there remain gaps in the modelinguamtbrstanding of thstructural behavior of
this type of onnections. The latter has motivated this reseapxifically, the needo study the
structural behavior of CFTsor SRCsconnectionsthrough numerical modelingconsidering
particularly the effect of axiaghear, and flexurdbads and the use of coraters in the form of
either shear studs or bearing plates. For the connectors and thla@s\phasis will be on the
influence of some parameters such as the contadelling between steel and concrete, local
buckling, residual stressesnd properties ® materialson the local and overall behavior of the



connection. Where possible, existing experimental data will be utilized to assess the fidelity of the
models.

1.2. Problem definition

Steelconcrete composite memben® used in buildings, bridges, offshore structures, trusses, and
othercomponents anstructures, mainlyo promotefire protection, avoid or minimize the effect

of local buckling,andincrease stiffness, resistance, and ductilitye latter characterist are, of

course, ofgreat relevance in highly seismaad windregions and thus this type of construction

has been commonly usedanuntrieswith coastal region§lapan China Europe, Australia and

the Americas) or with severe seismic loading envirents (Japan, China, and the USA)China

and Japan, the main application of stemhcrete composite members is in connections, floor
systems and frames. These countries have specifications for analysis, design and construction that
have beernwell docunented and validated bothumerically and experimentallyln Europe
(Schéafer, 2019)Australia (Hicks and Uy, 2015and America(AISC, 2010)there are design
specifications for floor slabs, beams and column systems; however, it is necessary to delve deeper
into the analysis and design of this typeneémbers because the connection behavior is not
explicitly includedin the design of these members.

In the USA, the lack of connection design guidelines requiresatltigtailednumericalandor
experimental study be carried out to validate the struchelaavior in each particular cate
ensure that the CFI® SRCsconnections worlas envisioned in design. This leads to increased
designcoss, extensive peer reviewandpotentialdelays in the execution of projects. The main
reason for thisequirematis that there are significant gaps in the design provisions due to the lack
of targeted comprehensive and coordinated research on&FSRCsconnections. Few design
codegqArchitectural Institute of Japan, 20; Han et al., 2014; Zhao et al., 2028)und the world

have developetkliableprovisions to design CFIsnnectiondased on a solidnderstanding of

the structural behavior of their components. It is important to note that although this topic is not
covered in the design regulations in the United States, specific design guidelines have been offered
(Packer and Henderson, 1997; Zhao et al., 20gure 14 illustrates some tests that have been
cariied out in Australia andNorth Americato validate some composite connectioN®te the
relatively small scale of the specimens, mostly due to laboratory constraints.

However, some uncertainties remain in the structural behavior of such elements; such as

1 What is the actual behavior of composite connections considering axial, shear and bending
interactions?

1 What would be an acceptable contact resistance and associated parameters to model the
concretestructural steel interface?

1 How can the use and di&tution of shear connectors influence composite flooring
systems?

1 Could composite connections improve the seismic performance of structures?



1 Are composite connections suitable when structures have irregular structural
configurations?

| Z
_Hydraulicrack to
N apply axial load in

Pinned braces

(a) Australia(Musa and Mashiri, 2019 (b) North America(Voth, 2010)

Figurel.4 Tests performed for validation of composite connections.

This dissertation aims to address several of these problems mainly from a numerical point of view.
In this study, a hypothesis will be used that the contact resistance betweendrete and the
structural steel in the absence of significant normal loads is betweetD%wf the compressive
strength of concrete. It is understood that this assumption does not rest on solid fundamental
principles but has some experimental justifima

1.3. Objectives and methodology
The overarching goal of this dissertation is to develop several advances in the numerical modeling
of composite steatoncrete connections, considering different structural configurations and types

of loads. This disseation achieves this goal by executimg specific objectives:

1. To evaluate by means of thrdemensional nonlinear finite element models the behavior
of CFTsconnections.

2. To develop threglimensional finite elements to study the influence of skeals on the

structural behavior of composite beams with trapezoidal profiled sheets.

The dissertation methodologypsesented in Table-1 The specific phases and specific objectives
arerelated to the corresponding activities required to achievelfjeetives described above.



Tablel.1 Investigation methodology.

I'ASKS

A bibliographic review was carried out in order to elaborate on the theoretical and
experimental state-of-the-art of the structural behavior of composite connections, 4
considering different structural systems and types of loads.

-A characterization of the types of CFTs and SRCs connections was carried out
considering their shape and the type of load

 w———

-Work carried out by NIST was selected as a reference to validate the model of the
composite beam. SPECIFIC OBJECTIVES

and Virginia Tech (https://informatica.uc.cl/, https://arc.vt.edu/) and personal

H ,
workstation. B

Calibration and validation of the numerical modeling of CFTs-connections.

Numerical modeling of composite beams. J——— -)

The results were analyzed and discussed, aiming to provide qualitative and

quantitative recommendations for the numerical evaluation of composite 4
connections, especially in CFTs-connections and floor systems .

Program management: The pre-processing and computations are performed on the
ANSYS LS DYNA platform (ANSYS, 2020) using computational facilities at PUC 5

1.4. Dissertation outline

This dissertation is organized infimur main chapters The dissertation was originally conceived
astwo separate papers, but due to time constraints, it was not possible to keep it in that format.
One of the papers (Chapter 2) has been submdatadefereed journaand the othefChapter 3

is in progres. The papers were intended to reflect very different aspectsweralcomposite
construction topics, and thus each chapter iscggifained. The dissertation maintains the paper
format, but the chapters, particularly in their literature reviews andriggéen of modelling
aspects, are longénanwould be expected for a journal paper. In addition, each chapter has its
own set of references.

The structure of the dissertation is as follows:

Chapter 2 presents a brief review of testing and analyses of coefibeeteonnections, describes

a database comprising 135 tests, and develops a numerical model capable of capturing most
relevant behaviour mode up to the ultimate strength and deformaticapacity of these
connections. Thedeehaviouramodes include, among others, local buckling of the steel tubes and

7



friction/contact resistance between steel and concrete. This model is calibrated against a single test
and its performance verified agatrihree other very different tests available in the literature.

Chapter 3 develops thregmensional finite elements models to study the influence of shear studs
on the structurabehaviourof composite beams with trapezoidal profiled sheets using tte be
availablematerial modelselement types and numerical schemes as desanbée software
documentation and analysis procedures avaifableNSYS-LS DYNA (ANSYS, 2020) Various
gravitational load scenariagge evaluated along the length of the steel beamviestigate their
impact on the shear studs distribution. The experimental research carried out by the National
Institute of Standards and Technolo@ameshet al., 2019)will serve as a validation platform

since it offers a unique opportunity to exercise the prediction capabilities of the proposed model
approach in 3D finite elements and explore some configurations that could be difficult to
investigate eperimentally.

Chapter4 gives the general conclusions and recommendations obtained disgggtation

Appendix Adocuments a database of composite connections, considering the connection type,
section type, material properties, load type, failure@@among others.

1.5. Original contributions

The present research project is distinctive in many ways. Some uciqaebutions of this
dissertatiorarethat it provides

U0 acomprehensivelatabase of composite connections, considering diffexgpect ratios,
different types of loads (axial compression and tension, plane flexuref-plane flexure)
and different study parameters among which the stiffness of the connection, ultimate
strength, stress concentration factors and fatigue perfornaaa@mphasized

U qualitative and quantitative recommendations for the numerical evaluation of composite
connections, especially in CFEsnnections, floor systems and columns.

U valuable information on the importance of shear studs distributioonposite beams.

In summary, this dissertation provides a unique set of data that can and have been used to verify
advanced computational models and provide support for the development of simplified and
advanced analysis techniques for the use of congosiinections and their role in different
structural systems.

Furthermore, thislissertatiorstudy is an effort to (1) develop new fundamental knowledge, (2)
improve our understanding of the numerical evaluation of composite connections, (3) extend



designranges, (4) provide calibration data, and (5) improve the prediction accuracy of the
structural response of composite connections.

The author expects that, based on the results and conclusions obtained in this dissertation, the use
of composite connectis will have an immediate practical impact in the mioadlgl analysis,

design and, consequently, in the construction of buildings, bridges, among other structures either
for constructing new structures or retrofitting old structures.
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Chapter 2.

2. Numerical evaluation of CFTsconnection behavior
2.1. Introduction

In recent decades, the use of composite s@etrete construction has increased throughout the
world, particularly in higkrise buildings.Composite construction has been used since the late
1800s in the construction of bridges and buildi§Gsiffis, 1994) Its u® increased substantially

in the USA during the early 1900s as a result of the excellent performance of buildings
encased structural elementsthe 1906 San Francisco Earthquake and Fire. The first formal
research on composite members and their ectioms dates back to the late 198Batho et al.,
1939) Composite construction is used in building®schan, 1992)pridges(Roeder, Charles;
Lehman, 2012)and industrial facilitiegAmerican Petroleum Institute, 201®s well as for
strengtheningf existing structure¢Kim and Shinozuka, 2004)t is important to mention that
composite construction has also been widely used in seismic regions, especially fiasehigh
structures(Liu and Goel, 1988)The general term "composite construction” refers to concrete
elements reinforced with steak either concrete filled tube (CFTs) or steel encased (SRC)
elemants; some possible simple configurations of these members are showareg2Hg

Steéd Tube\ Steé Tube

Concrete
Core

Concrete\A

Reba\

Steel

Steel

(b) Concrete encased composite sections (SRC)

Figure2.1 Some possible configurations of a composite element.
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The great advantage of composite construction isythergetic action of both materia&ructural

steel has high strength, ductility, lightness, and ease of construCooicrete provides high
rigidity, massand fire resistance. Additionally, with CFT composite elements the costs and
construction timesra reduced because the tubes act as formidan et al., 2014)These
advantages have been widely studied and have led to the extensive use of hollow steel structures
filled with concrete in civil engineering structur@heng et al., 2018; Gourley et al., 2008; Han
etal., 2014; Liu et al., 2015; Viest et al., 1997; Zhang et al., 2004; Zhong and Zhang\W9i9)

steel pipes filled with concrete are an inexpensive form of composite construction, their use has
been limited due to both the complex nature of bé&awgolumn connections anthe limited
experience with these systems by many construction compdimese are many analyticé\.

Denavit, 2012and experimentgPerea, 20108tudies on the behavior of the beaolumn CFB

under static and dynamic loads; howewelatively little work has been done on the beamimn
connections with steel tubes filled with concrete in the US#étope, and Australia as compared

to Japan and China. Connections of composite members to foategseparatbut important
category that will be partially addressed in thlsapterwherethe experimental or analytical results

are deemed to provide useful information.

Understanding how composite connections in tall buildings behave and should be modelled during
the design proas is the main lonterm objective of the authors. As an example of where this
knowledge will be applied is in modelling the transition zones in structures that go from an all
concrete set of bottom floors to an-sieel one in the top floors (kige2.2). Thischaptempresents

the first two steps towards that goal.

Figure 2.2 CFST hybrid structural systems for highe buildings. Mercury Tower in Malta (Hadid,
2021)

The first step is a brief, selected review of some important joint experimental/analytical and

analytical research on composttennectionsA data appendix containing important parameters
on over one hundred thirfywe tests complements this brief reviewd provides the starting point
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for a robust calibration and verification database for this and future similar analytical studies. The
second step is the development of a new analytical model for composite connections subjected
primarily to axial loads. e proposed model is calibrated and verified against three of the best
described tests in the literature. The results indicated that the model can reproduce the most
important behavioral aspects observed in the tests as well as match experimental Vailues ob

well into the inelastic range. The last two steps in the process, the consideration of connections
with embedded steel shapes and conne¢amis their associated complex states of stiassthe
development of design guidelinedll be the subjetof futureresearctas those efforts are in their
preliminary phase.

2.1.1 Joint Experimental/Analytical Research

Each of the investigations documentiedthe database described in this sectit@iinad the
connectiortype according to its own criteri&or chrity, the authohas consolidated those into a
few types and used the nomenclature shown in Table 2.1 in the descriptions. In thkdaglales t
organized in alphabetical order: EEbnnections, Kconnections, Kiconnections, Nconnections,
T-connectionsX-connection, and Xonnections.

Table 2.1 Labels (or tags) of the connections studied in this chapter.

DT K KT N T X Y

=PI \N2| 12 L) 3K |4

The behavior of CFFsonnections has been investigated through both analytical and experimental
studies, initially focused on offshore structures for the North Sea and the Gulf of Mexico. Typical
of these efforts is the work of Sayglhvadi, 1979¢onsisting of an analytical study on composite
tubular connections with T and K configurations for use in offshore structures shested that

the T-connectios filled with concrete had higher strength and lower hotspot stress valines

steel around the intersection linegdien compared to unfilled Tonnections Moreover, he
addition of concrete at the-Gonnectiongeduced the initiation and propagation of cracks in the
connectionsurface when subjected to high loaatsd also produced an advantageous triaxial
compression stress state in to@nectionIn K-connectionsthe presence of concrestignificantly
decreased the stress valireghe steel. Smaller displacements weresobsd in the composite-K
connectionsthan in the welded ¥onnections The research included the development and
validation of a new solid finite elemenabelledi S e mi L o o f ,ameffitigntanalysies bfl o ws
composite members fabricated from staisleteel shells and thick concrete infilldhe results
obtained allowed useful improvements in the analysis, design, manufacture, and installation of
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composite connections in marine structufes. this and all other tests described here, additional
detaik are given in the database in Appendix A.

Tebbett et al(Tebbett et al., 197%tudied the ungroatl and groutedonnectionsn piles at the
bottom of the offshore platforms. They carried out an experimental program to verify the final
strength of 10 Jconnectiong5 ungrouted and 5 grouted) subject to three different load conditions
(tension, compregm, and bending). For both ungrouted and grogtathectionsoneload test

was carried out with axial tension, ti@stswith axial compression and twestswith in-plane
flexure to obtain data for direct comparison with the existing API design spgicifis(American
Petroleum Institute, 1976@Figure 2.3). The tests showed that the strength of the ungrouted
connectionsvas at least 1.8 times the permissible workload determinadthe RP2A API Code
(American Petroleum Institute, 197&)r the groutedonnectionsa significant increase in axial
tension, axial compression amdplanebending load was obsesd. It was also shown that the
stress concentration facgin the connection redu@preciablywith the presence of grout, which
implies a corresponding important increase in the fatigue life of the connection.
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Figure 2.3 Details of test sample and test frame from Tebblet et al. (Tebbett et al., 1979)

Brown et al.(Brown et al., 1989%tudied the distribution of tensiomoaind a welded tubular-T
connectionsbefore and aftethe introduction of grout. Four samples were tested (T1 and T2
ungrouted and T1G an®G grouted). All samples had a chord diameter of 914 mm and a nominal
wall thickness of 32 mm. The tests were sulgj@to three load modes: axiahd, inplane flexure,

and outof-planeflexure. The results showed that the introduction of the grout in the chord member
limited the deformation of the chord, reducing the bending stresses generated by the applied load.
Under axial conditions, a reduction in the maximum stress concentration factor of 40 p&gent
notedin the hotspot area of the chdiad the grouted specimeng-orin-planeflexure, tension in

the connectionis generated by very local flexure of the ahonemberwhile, for out-of-plane

flexure, the global deformation was the main parameter generating tension in the intersection of
the union. With the reduction of the tension gradients due to the grout, the resistance to fatigue of
the connectionis increaed an important factor in welded offshore structures that are subject to
large hydrodynamic forces. A number of these tests for offshore structures utilized grout as
opposed to concrete as an infill; it is assumed herein that concrete will actualiympbétier

givens its higher strength and stiffness.
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Packer et al(Packer, 1995)llustrated the stictural behavior ofl, X and Kconnections of
rectangular trusses when tbleordmember is filled with concrete (Rige 2.4). The behavior of

the connedbns was examined by tests on 31 conefidied and unfilled connections: 6T-
connections weraded in tension, 14 -Xonnections weradedmonotonicallyin transversal
compression, andinally, 11 K-connectios were loadedvith onediagonalin tension, the other
diagonalin compression and the chord in tension. The tests confirmed thatthma&ctions have
relatively large deformation capacity and, therefore, the LRFD loads must be based on the
resistance of the connection. All concrélied T-connections showed a significant increase in
stiffness relative to their unfilled counterparts, and none offitleel connections showed a
decrease in connection yield or final strength by more than a few percent. On the other hand, the
unfilled X-connections failed by web crippling the walls of the chords. For the completely filled
connection, the concrete extended beyond both ends of the sample by several millimeters in the
final load indicating significant slip between the steel and concrete. firfal strength
progressively increased as the length of the concrete increased, as did the rigidity in the direction
of the load. Finally, the unfilled onnections failed in the compression web member and the
concretefilled connections failed in thehsioned core membétor the concretéilled T- and X
connectionsit is recommended that the LRFD capacity be calculated from the existing design
rules for unfilled hollow structural section connections, while for the confiliete K -connections

it is recommended that the LRFD resistance is calculated from the factored resistance (N1*) for
the compressed web elemeaand the factored resistance (N2*) for the stressed web member.

Regions of concrete-filling up to bolted flange plates.
O Critical connections which benefit from reinforcement by concrete-filling.

Figure 2.4 Partial Filling of HSS Chord Members in Critical Connection Regions from Packer et al.
(Packer, 1995)

Silva et al.(Silva et al., 1998jested a new groetl connectionwith a coupling pin for offshore
platforms through finite element analysis and scale model testingr€2i$%). The main objective

was the determination of the stress concentration faittdhge connection The testing program

was comprisedof four samples. Each test sample was a 1:4 scale model of-toar€ction
prototype. Although all the samples were of the K form, their geometrical configurations varied to
study the effect of differ@ construction tolerances. During the tests, the sample diagonals were
subjected to a reverdaxial load regime (tension and compression). The new grootatection

was able to develop the full resistance of the tubular section, transferring the tbadtbbrd to

the pin. There was no evidence of amyjoreseen failure modwth this connection. The maximum
stress concentration factors occur at the intersection of the middle surfaces of the diagonals and
the chord. Thanagnitude of the stress concetitbn factors can be assessedusg of finite
elements for the design of grediconnections
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Figure2.5 Test setup from Silva et al. (Silva et al., 1998)

Morahan and LalarfMorahan and Lalani, 2002eveloped experimental tests to evaluate fatigue
and ultmate strength of tubular groutednnectionsThe samples testaderelargescaleDT- and
T-connectiongFigure2.6). Twelve grouted samples were subjected to tests imgkane flexure,
out-of-plane flexureandaxial compression on theuciforms Tegs showed that the presence of
grout reducd ovalization and reduckthe stress concentration factorderaxial load. It is also
observed that the stress concentration factors in greotatectiongliffer between compression
and tension load due to tddferent load transfer mechanisms that exist for the two load cases. In
compression, the chord is pushed against the grout plug while, under tension, the chord can be
lifted from the plug. This variation depends on the configuration ofctivectionand the
geometry. In general, stress concentration factors in graugdedectionscan be significantly
reduced (60% in the chords and 45% in the diagonals) compared to weltezttionsvithout
infilling. The results of this research generated a significantribution to the creation of the
detailed design manual for groupszhnectiongMSL, 1994)

Figure 2.6 Test arrangement from Morahan and Lalani (Morahan and Lalani, 2002).
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Udomworaratet al. (Udomworarat, 2002karried out an experiental study o the fatigue
performance of composite tubulardonnectionsfor truss bridges. Four types of tubular K
connectionswere consideredFigure 2.7). The samples had the same geomdtowever, the
interior details varied in order to provide letistructural performancé Type | connection
represerdd thebasic kconnectionsvithout any improvement of theonnectiondetails.A Type

Il connectionwas identical to Type tonnectionexcept that thehord wascompletely filled A
Type Il connectiorwas identical toa Type Il connectionbut 50 mm diameter holes were made
on the intersection areas of the chord and the diagonals, and the diagonals were cditigtetely
with concreteFinally,a Type IV connections identical toa Type Ill connection except that two
pieces of partial pertfbond reinforcement were welded inside the chord with an inclined angle of
50 degrees. All theonnectiondiad a scale of approximately 1/3 of the actual structural Biwe.
testsdemonstrated that themorete contributes to reducing the tendimntes in theconnections

By providing the filled concreteand additionalreinforcing materials, the overall and local
deformations of the chord wall can be considerably reduced, resulting in an increasedifiatigue
The failure propagation patterns are different when the details of the structumakctionare
changed. From the point of view of the authors, the Typeolhhectiorprovides the best fatigue
performance among these four types based on the iedretatigue performance.
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Figure 2.7 Composite tubular Konnection details from Udomworarat et al. (Udomworarat, 2002)

Sakai et al(Sakai et al., 2004¢onducted an experimental study to determine the maximum
resistance and fatiguiée in tubular K-connectiondilled with concrete. The study used 6 types of
unfilled, concrete filled and reinforced specimens. Sample K1/2C is hollowr@2d.a). Sample

K1/2D has a concrete filled chowmhile the diagonals are empty (kige2.8.b). Sample K1/2E is
concrete filledin boththe chord member and diagonal members (Fég.8.c). Sample K1/2F is
composed of filled concrete, in both chord members and diagonal members, and reinforced by
dowels, which are connected with holes in a chord member and diagonbemsdfigire 2.8.d).

Sample A5 is composed of filled concrete, both in a member of the chord and in diagonal members
and reinforced by dowels in a member of the chordui€g.8.e). Finally, sample A8 had a gusset

plate and is composed of filled conteein both chord and diagonal members (iFey2.8.1).
Additionally, two fatigue samples wetested to improvenanufacturingosts In Sample Al, the
diagonal members overlap, and the chord is confilletk (Figure2.9.a). Sample A2 is reinforced

by anexternal reinforcemeratnd he chord isoncretdilled (Figure2.9.b). Static and fatigue tests

were carried out by loading the samples axially (tension and compression). The results showed
that as reinforcement was increased, the final load graduelBased in the order K1/2C, K1/2D,
K1/2E, A5, A-3 and K1/2F. Theltimate strengtlof the tubulaK-connectiorincreased with the
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filled concrete. The sample that showed greater resistance to fatgud 3, surpassing the 3.5
million cycles followed bythe sample AL, with 3.0 million cycles, and finally the sample A
whose fissure in the weddbegan at 0.3 million cycles.

Kiﬁ'Z(.‘i ? KIa’Z]}i 2

a b
KI1/.2E i E
C
A-S
Figure 2.8 Types of connections tested by Sakai et al. (Sakai et al., 2004)
A-l A-2
a b

Figure2.9 Fatigue specimens from Sakai et al. (Sakai et al., 2004)

Yin et al.(Yin et al., 2009)studied experimentally the hysteretiehavior of typical tubular N
connectionsKigure2.10). Four samples were built and tested under egtasic cyclic axial loads.
They included an unstiffened tubular-¢dnnection a double plate reinforced tubular N
connection a tubular Nconnectionwith a concrete filled chord member, and doubler plate
reinforced tubular Nconnectionwith concrete filled chord member. All the four samples are of
the same configuration with the chord memibeing245mmx 6mm (diameter and thicknesf)e
diagonal membdreing89mmx 6mmand the angle between the diagonal and the chord beéing 45
Hysteretic curves for the four samplssowed 0 obvious degradation of stiffness with the
increase irdisplacemerst The authors concluded that the use of conditetd connectiosis the
most effective way to improve the strength of tubgtamnections
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Voth (Voth, 2010)examined through experimental and numerical researchbétavior of rigid
branch plateo-CHS (ircular hollow section) connections using through plates, as well as the
behavior of nororthogonal or skewed plate-CHS connections (Fige 2.11). Voth tested 12
smaltscaleunfilled plateto-CHS (T-type and Xtype) connections andgtoutedT-type plateto-

CHS connectionsThe tests showed that unfilled specimens suffer large deformations under low
load magnitudes. The presence of grout increases the capacity of the cmsranti can be used

as a efficientretrofit method The numerical models largely matched the experimental results.

Through plate Taype K-type

Grout filled T-type

Transverse
(@, = 90%)

Skew
(0° <, <90%)

Longitudinal
(@, = 0°)

Inclined
(8, <90°)

Figure2.11 Types of connections from Voth (Voth, 2010)

20



Chen et al(Chen et al., 20123tudied theultimate strength of concrete filled tubular CHS T
connectionaunder inrplane bending. They tested three samples with the Bdineatio for the
chords and different/t ratios for thediagonal The resistances obtained from the tests were
compared with the design resistance given by the AISC sta(i8@, 2010) and the CIDECT
standardWardenier et al., 2010)he resultsshowed that the resistanealues given by both
design standards are very conservaftiee authors proposed design equations for conrbtiete
tubular steeT-connections, considering the width of the weld, the contribution of the concrete and
the thikness of the chord.

Roeder and LenmgiRoeder, Charles; Lehman, 201yestigated bridge foundation connections
between steel piles filled with concrete and the foundaifooridge piergFigure 2.12.a). The
research included a detailed review of the results of previous research, including experimental
programs and analghl studies of elements and connections Gieh¢rete filled tube) and RCFT
(concretefilled tube with internal reinforcement). The experimental program did not include
rectangular sections, nor tubes with diameters smaller than 4 ilNihesy-one (19)tests were
performed, distributed as follows: 28 CFT foundation connection tests, 26dudamn tests, and

37 pure bending tests. The rafidt for the pilesvaried between 27 and 226; the diamefr,

varied between 4 and 20 inches. The embedded detitle tdibe, the shear reinforcement in the
foundations, the axial load ratio, and the properties of the steemteteevaried between the
samples. Most tests evaluated the connection under axial compression and cyclic lateral load
(Figure 2.12.b). Connectons with very shallow embedmestiowedrelatively poor performance

with cone pullout failure However, most of the samples had adeqeatbedmendepth to
provide excellent ductility and inelastic deformation capacity, without damaging the footing. The
ertire experimental program was validated by finite element agmlydonlinear continuous
analysis modelsn ABAQUS (Hibbitt et al., 2011provided an excellent correlation but at a great
cost in time and complexity. The investigation resulted in improved models to predict the
interactions of force, rigidity and axial load berglimoment for CFT and RCFT components.
Recommendations were given for the design of steel pile connections filled with concrete and the
foundation.
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Figure2.12 (Roeder, Charles; Lehman, 2012).

Xu et al. (Xu et al., 2015aktudied the behavior afoncretefilled tubular steel connections
manufactured from circular hollow sections (CHS). They tested four types of connettiohs

K and KT (Figure 2.13), which covered two chord slenderness ratios (D/t = 60 and 75). An axial
tensile force was applied in all the sampl8se concrete fillingn the tubular CHS connections
greatly improvd its performance under axial tensiletbforboth $enderness rat® The authors
recommended that the design strengths be calculated from the AISC design rules for the limit state
of punching shear yielding for unfilled tubular CHS connections. In general, tubular CHS
connections filled witltoncrete showed a significant increase in stiffness.
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(o)

Figure 2.13 Test setup: (a) -Eonnection; (b) Yconnection; (c) Kconnection; (d) K¥connection from
Xu et al. (Xu et al., 2015a)

Chen et al(Chen et al., 201%ariied out an experimental investigation to evaluate the resistance
and behavior of unfilled ahconcretefilled CHS T-connectionsvith concave and straighhards

under axial compression. Sixteen samples were t€6tégbe A (concave, unfilled)2 type B
(concave, filled) 6 type C(straight, unfilled) and 2 type O(straight filled) as shown ifigure

2.14). In all the samples, the cressction of the chord was the same, while the cross section of
the diagonal changed. Two types of failure were observagpm A samples, namely, chord
plastification and local buckling failure of diagonal. Only chord plastification was observed in
samples of type B. In type C samples, local buckling failure of diagonal and material yielding
failure of diagonal was observednd type D samples showed local buckling failure of the
diagonal. The final strengths of the CHSdnnectionsvith concave chord are generally larger
than those of traditional CHS-d@onnectionswith straight chord. The investigation demonstrated
that thereinforcement of the chord member with concrete filling significantly improved the radial
rigidity of the chord member. Finally, they showed that the design rules given in Eurocode 3 and
the AWS standard are quite conservative for the traditional debigmtio unfilled and concrete

filled CHS T-connectionsvith concave and straight cords, while the rules of design given in the
API standard are generally more appropriate for the design ofyth of connections
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Figure 2.14 Schematic diagram of test samples from Chen et al. (Chen et al., 2015)

Huang et al(Huang etal., 2015)investigatecexperimentallythe resistance and failure mod#s
tubularconcretefilled connectionsin addition, they compared the failure modes of the CFST K
connectionsand the CHS Kconnectionsof the same sizand investigated the effémf studs
welded on the inner surface of the chord menfBigure2.15 shows the configuration of the test.
Eight samples were tested (2 without concrete filler, and 6 with concrete filler of which 3 had
welded bolts inside the chord). The geometry ofdbetions of the chord and diagonals of the
samples of the CFST-Konnectionsvas the same as that adopted in the CFST beams of certain
arch bridges built in ChingChen and Radic, 2009n the tests, a pattern of forces in tension and
compression asapplied to the diagonals. It was shown that the filling of the chord with concrete
results in an increase in stiffness in the Ck®inectionscompared to the CH8onnectionsas

well as in a more uniform tension distribution in deanectiorfor both the chord and the ends of
the diagonal. The unfillegdonnectionsfailed by chord face failure, while the concréiteed
connectiondailed due to punching shear and deformation in the diagonals. The failure mode of
the concretdilled connectionsvith bolts welded to the interior of the chord was similar to that of
the unfilledconnectionsHowever, the addition of studs welded in twenectionsproduces an
additional increase in the stiffness of twnectiorand increase the uniformity of the distribution

of the tension in theonnection

24



Figure 2.15 View of a K-connection sampland of the test setp from Huang et al. (Huang et al., 2015)

Xu et al. (Xu et al.,, 2017)developed design provisions for concrBied CHS connections
subjected to ifplane bending through analytical and experimental studiesr@-@16.a). Four
samples were tested undefplane bending, varying the diameters and thicknesses of the chord
and the diagonal (Fige 2.16.b). However, the length of the elements remained constant in all
tests. To connect the chord and the diagonal, fillet welds were used. The finite elementasodel w
developed in ABAQUSHIbbitt et al., 2011) Theanalytical models yieldkresults consistent with
those of the experiments. Experimental results indicated that the only failure mode observed in the
tests was the chondall punching shear failure at the crown (kg 2.16.b). The chord
deformations at the maximum load were belthe specified deformation limit (3%) in the
recommendations of CIDECT (Wardenier et al., 20107 he study indicated that weld geometry
should be considered when determining the strength of cofitleteCHS connections. Finally,

the authors proposed design equations for conéitiete CHS connections, consideringet actual
shear stress distributions, the internal concrete and the effects of the curved failure faces.
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Cheng et al(Cheng et al., 2018&Yudied the structural behavior of partiatijilled welded integral
T-connection®dy using experimental and numerical methodsuyfgg.17.a). The static tests were
performed bymposing ahorizontal load and vertical axial compression at the end of the diagonal
(Figure 2.17.b). Six integral Tshapedconnectionsvere tested, classifieidto two groups, with

and without arc transition. In each group, three cases of chord concrete filling were considered:
chord completely filleeconcrete (i.e., concrete filling length of 1500 mm), chord partially filled
concrete (i.e., length of concrditing 800 mm), and hollow chord (i.e., without concrete filling).
The concretdilled connectiondailed due to the deformation of the web plates incitvenection

core zone and the buckling thfe web arc transitions. There were no differences in failnodes
between partial and fully concretided connections The hollow connectionsfailed due to
buckling of the top flanges of chord near the core area aieection The tests showed that the
partial filling of the chord reduces the sectional stesalmostaseffectivelyas the complete filling

of the chord. Allof the data indicatithat the critical length of the concréftted for the integral
T-connectionsstudied could be around 400 mm, that is, approximately twice the height of the
sectionof the chord. The authors recommend a length of confiliet of three times the height

of the section of the chord for tlewnnectionspartially concretdilled, so that the structural
behavioris similar to that othe completely concretidled connetions
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Figure 2.17 (a) Sample of welded integratdonnection, and (b) overall view fro
Cheng et al. (Cheng et al., 2018)
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Musa et al(Musa and Mashiri, 201%tudied the distribution of stress concentrations in siven
type concrete filled connections subjected to axial lodti® results indicate that the stress
concentration factors (SCFarelargestbetween the diagonals and at the tip of the crown on the
chord and diagonals. The maximum SCF occurs in the crosvrStOFs are almost always higher
in the chord than in the diagonals. The analytical models were consistent with the tests.

The investigations discussatioveconsiderecconnectionexperimental/analytical efforts, i.e., a
validation of the experimental mels is carried out using analytical models, considering different
aspect ratios, different types of loads (axial compression and tension, plane flexofeplane

flexure) and different study parameters among which stand out the stiffness of the ioapnect
ultimate strength, stress concentration factors and fatigue perfornsaa@ppendix A). However,

it is necessary to carry out analytical investigations to expand the study paratineteis
economic, infrastructure, or time reasons is not poswididy with experimental investigations.
Another relevant aspect that is achieved with analytical investigations is the determination of the
most relevant parameters that must be considered when modeling composite connections. Several
researchers haveqgposed 3D finite element models to capture in a more real way the structural
behavior of composite connections. Although a number of these focus on CFT members, a number
of the conclusions are applicable to CFT connections and thus considered relahentdaiew.

2.1.2 Analytical Research

This section summarizes some of the key modeling investigations, beginning with ones meant to
establish both crossectional and short length member models, followed by descriptions of
connection modelling. As noted earlj there are numerous investigations on the topic, but the
studies highlighted herein are only a few of those most relevant to the second pachaitiee

The data appendi& considered only studies for which most important details were found in the
open literature; the intent is to make this an open resource and thus researchers are encouraged to
contact the authors if they have additional data that should be included in this table.

2.1.2.1 CrossSectional and Short Length Models

Chen and CherfChen and H., 1973fonducted an analytical investigation to calculate the
maximum load capacity of concrediled beamcolumns. For this ppose, they constructed
beamcolumn interaction curves, relating the slenderness, axial load and bending moment,
considering the triaxial effects of the confined concrete. The Column Curvature Curve (CCC)
method is adopted for the solutig6hen, 1969; Chen and Santathadaporn, 19683 curves
obtained showed thébr a lengthto-depth ratio I{t) greater than 20 for square columns or 15 for
circular columns, the effect of the triaxial state of tension in the concrete on the resistance of such
columns is not important. To consider initial impetfens, the authors recommend an initial
eccentricity of 02| for square sections and 0.004r circular sections. Based on these values,

the authors demonstrated that the maximum load capacity of axially loaded CFTs can be accurately
predicted by comparing the results with data from the literature and assuming a certain eccentricity
in the appkation of axial load.

Hajjar and GourleyHajjar and Gourley, 1996Jeveloped golynomial expression to represent
the threedimensional (3D) crossectional strength of square or rectangular CHi&, is, the
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combined axial and biaxial flexural capacity of a zlemgth bearcolumn. The analysis was
performed through a detailedalysis of nodinear fiber elements of zedength CFTs. The fiber
element method offers a high degree of precision as a numerical tool to analyze the-moment
curvaturethrust behavior of the crosections of the CFT beaoolumn. The numerical results

were validated againsgxperimental results available in the literat(ve Tomii and K. Sakino,

1979a, 1979b)In this investigation the effects of creep and shrinkage are neglected as is the
presence of shear connectors or internal reinforcing bars. Perfect bond between steel and concrete
is assumed and the effects of residual stresses are incorporated directly ines#sérain curve

for steel, which then depends on ¥ratio. It is important to note that the proposed formulation

only applies to CFT sections with compressive strengths of concrete of up to 100 MPa, and ratios
of tube widthto-thickness D/t) of up b 50. The results obtained with the polynomial expression

are consistent with the experimentasults The polynomial equation includes as variables the
width-to-thickness of the steel tube and the relationship between the concrete compressive strength
ard the elastic limit of the steel tube.

Hajjar et al.(Hajjar et al., 1998¥leveloped a thredimensional distributed plasticity model for
CCFTs and RETs considering both the geometric and material nonlinearities. The model uses
the fiber element approach to model the distributed plasticity and tension between the steel tube
and the concrete core in the connection region of the CFT-belumn. Figire 2.18 shows the
discretization of the crossections of CFT. The steel constitutive model was calibrated for ASTM
A500 and ASTM AS36 steels, while the concrete constitutive model was calibrated for concrete
strengths (f'c) of up to 50 MPa. The confinemerthefconcrete core of the CFT by the steel tube
was incorporated into the concrete constitutive model. As in their previous work, residual stresses
are incorporated into the steel constitutive model. In the model formulation, nonlinearity due to
shear or tosion, reinforcement or shear connectors, local buckling,-tiependent effects on
materials, shear deformations due to bending, andgotiapse behavior @renot incorporated.

The constitutive models for steel and concrete used in the developmeistrektarch are based

on detailed studies by Molodan and Hajjsiolodan ad Hajjar, 1997)and Hajjar et al(Hajjar

et al., 1998)The validation of the model was performed by panng the results of finite elements
aganst individual CFT experiments. The model proved efficient for performing nonlinear static
analysis, advanced design analysis, and cyclic behavior studies.
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Figure 2.18 Distributed plasticityconcretefilled tube finite element model from Hajjar et al. (Hajjar et
al., 1998)
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Mamaghani and Pack@vlamaghani and Packer, 20@®)velopeda seismic design procedure for
maximum strength and ductility evaluation of partially concfited thin-walled steelbridge

piers, with and without longitudinal stiffeners. The procedure is applicable for the design of new
piers, reinforcement of piers of existing steel bridges and can be extrapolated to the seismic design
of concretefilled columns and steel connect®mhe main reason for working with piers, columns
and/or partially concretélled connectionsis to increase ductility under seismic excitations,
without considerably increasing the stiffness and/or resistance of the element. The columns were
subjectedd a constant axial load and cyclic lateral load. The results indicate that the steel controls
the strength of columns without longitudinal stiffeners, while concrete governs for the cases with
longitudinal stiffeners. Through the proposed design procedhee maximum strength and
ductility of the thinwalled steel bridge pillars are estimated.

Hu et al.(Hu et al., 2003studiedthe nonlinearity and the influence of the confinement pressure

in CFTs subjected to axial compression loads. For this, they developed constitutive models for
the concrete, steel tubes and steel reinforcing tie. These modelgaveated with experimental
studies conducted by Scheidner and Huang €Hakng et al., 2002; Schneider, 1998ircular

(CU), square (SU), and square sections with steel reinforcement diagonals (SS) were considered
in the study. The authors made finite element modelsi(€&y19), which inclu@dthe sliding ad

friction (coefficient of friction = 0.25) between concrete and steel through interface elefayts.
assumed that the ratio of Poisson concret@=a$.2 and that the stresgrain curve of the steel

was elastieperfectly plastic. For the CU sectionilbe lateral confinement pressufg lecreases

with the increase in the widtio-thickness ratiol/t), but for aD/t ratio <40 the steel tubes provide

a good confinement. For the SU sections, the lateral confinement pressure is inversely proportional
to the widthto-thickness ratio I{/t). Because the lateral confinement pressure in the square
columns is not uniform, the circular columns have higher confinement pressure and therefore the
material exhibits less degraitbn. Finally, the SS sections have td@me behavior as the SU
sections; however, the use of reinforcing diagonals improves the lateral confinement pressure and
prevents local buckling of the steel tube. It is important to indicate that these results can be
extrapolated to concrefédled conrections subjected to axial loads.

. D o B . B3 B3 B3
t-»] | || Reinforcing
\(Tm >/
CU section SU section S8 section

Figure 2.19 Finite Element model of CTF from Hu et al. (Hu et al., 2003)
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Liang et al.(Liang et al., 20073tudiedthe local and podbcal buckling behavior ofteel plates

under noruniform compression and-plane bending in concretéled thin-walled steel tubular
beamcolumns. The study was carried out using finite nonlinear models, which incorporate
residual stresses, initial geometric imperfections, sthairdening, and uplane bending. For
research purposes, the authors took the compression residual stress as 25% of the yield strength of
the steel plate. It is important to mention that residual stresses were incorporated into the model
by prestressing. Th stressstrain curve for steel plates with residual stresses is modeled as
established by Ramberg and OsggRdmberg and Osgood, 1943he results show that before

local bucklingis reached, there is a minimal increase in the lateral deflections of the plate with
increasing applied load. After local bucklirtgere is a significant reduction in the rigidity of the

steel plates; however, the steel plates can still carry high loads without failure. The numerical
results indicate that lateral stiffness, local buckling, tension capacity and ultimate strength are
reducel by increasing the widtthickness ratio of a steel plate under a stress gradient. Finally,
design formulas are proposed for the calculation outhmate resistance of steel plates under
nortuniform compression and bendifidhe results othis investigtion are useful in understanding
compression and bending behavior of steel connections filled with concrete because they
incorporate parameters of geometric and material nonlinearities.

Choi and Xiao(Choi and Xiao, 2010levelopeda numerical program for CFT columns under

axial load, taking as reference the stretsain model developed ¥iao et al.(Xiao, 1989; Xiao

et al., 1991) The numerical results were compared withesal experimental progranavailable

in the literaturg(Huang et al., 2002; Sato, 1995; Tomii et al., 1977; Xiao, 198% numerical
program can be implementéat other types of elementsuch as concretilled connections. The
investigation assumes that as long as there is no external load, there will be no deformation or
initial separation between the concrete infill and the steel tube, i.e., neither of them has initial
stress. It is also assumed that the axial deformations obtioeete and the steel tube are identical.

The numerical program involves eleven unknowns (five concrete and steel stresses, five concrete
and steel deformation values, and the applied axial load). The incremental analysis method was
adopted for the resdion of the problem. The authors demonstrated that the results of the
numerical program accurately represent the limit and sstesis relationship of the CFT columns.
However, in some cases when comparing experimental results with the analyticaltheoldétier

was not able to predict the hardening behavior due to deformation or resistance degradation due to
local buckling.

2.1.2.2 Connection Models

Shen and Cho(shen and Choo, 2012pnducteda numerical study of the fracture maaits in
tubular Fconnectionsvith groutfilled chords. For this, they studied two configurations, welded
T-connectionand T-connectionwith groutfilled cord (Figure 2.20). The results were compared
with experimental studies in the literat(&owness and Lee, 1995, 1998; Mashiri et al., 2002)
The stress intensity factors (SIFs) for welded and gommnectionsare calculated using a
numerical method and subsequemitynpared to th&e in design codg8ritish Standards., 1993;
Standards, 2013)The study was carried out using 3D finite modeaking the Abaqus finite
element softwaréHibbitt et al., 2011)The resuls show that the contact analysis between the steel
and the grout is highly nelmear. Both SIF and stress concentration factors (SCF) are not sensitive
to the load on the diagonal. The stress distribution is more uniform in the gcouatgettionshan
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in weldedconnectionsFinally, the numerical model indicates that the fatigue life of the tubular
connectionwith a completely grouted chord will improve significantly compared to the original
weldedconnection

1

Brace tensile load

grouted

Conventional T-joint with grout
as-welded T- infilled chord
joint

Figure 2.20 Types of connections from Shen and Choo (Shen and Choo, 2012)

Raj and JoyRaj and Joy, 201&arriedout an analytical evaluation and comparison of the fatigue
resistance behavior of the composite circularad KT-connedions (Figire 2.21). Six models

were developed for the analysis of the#nhnectiorand another 6 models for the analysis of the
KT-connection Models of both unfilled and concrefifed connectionswere analyzed. The
results indicate that when only theoctls of the K and KT-connectionsare filled, the maximum
resistance increases 2.1 and 2.0 times respectively. However, when the esdneetionis

filled, the resistance increases 5.9 times and 6.0 times for theoiiection The above shows

that the maximum strength increases as the amount of concrete infill increases. The use of a
concrete infill provides a mechanism for redistribution of the stresses. Finally, when comparing
the K- and KT-connectionsthe latter shows greater resistance, se édvisable to use them in
tubular structures.

Figure 2.21 Models FEA K and KT Schematic view from Raj and Joy (Raj and Joy, 201!
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Hou and Har(Hou and Han, 201A&tudied the analytical behavior of concrétied double skin

steel tubular (CFDST) ¥€onnectionsand of hollow circular section (CHS) (kige 2.22.a). In
addition, they studied the mechanism of load transfer and possible failure modes of these
connectionsFinite element models were made in ABAQUSbbitt et al., 2011pf the CFDST

and CHS circulaconnectionssibject to static loading (Fig.22b). The contact between the
concrete and the steel tube was modeled in such a way that it allowed independent deformation of
each materialbut restricted the penetration between the two materials. A friction factor equal to
0.5 was assumed as reported by Hou efHdu et al., 2015)The analytical resultalso were
validated with the experimental program carried out by Hou gHalu and Han, 2017)The

studies showed that the main modes of failure for the CH8ritectionsre chord plastification

and chord punching shear. CFDSIcinnectionsvith interleaved concrete and douislen steel

pipes have greater resiste against local buckling. However, they may have different failure
modes, depending on the hollow ratio of the C
buckling of the compression diagonal, fracture of the tension diagonal, chord plastificlatianh,
punching shear, and local bearing failure of the chemally, considering the different failure
mechanisms, the authors propssaplified formulas for thelesign of CFDST Kconnectios.
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Figure 2.22 (a) Scheme of a typical CFDST-¢onnection. (b) Models FE from Hou and Han (Hou
Han, 2017)

Zheng et al(Zheng et al., 2018)evdoped threedimensional finite element models to assess stress
concentration factors (SCF) in steel tubular conefiteal T-connections(Figure 2.23). The

results obtained were compared with existing experimental results in the lit€ihane et al.,

2010; Xu et al., 2015bjo validate the analytical models. This comparison is given in four
locations: chord saddle 8, chord cravn (CC), diagonal saddle (DS) and diagonal crown (DC).

The parameters that were considered for the determination of the SCF were the thickndss ratio (
=1/T), diameter ratioff = d/D), diameter to thickness ratio of chore £D/T), and relative chord

length U= 2L/D) . The numeri cal results showed that
compressive loads the SCF also increasesh m&reases under tensile forces, SCF decreases,
except for the stress on the chord crown. For compressive forces,Rhecséasesas b i ncr eas
The 2 ratio as well as the S&Hncreases under tensile forces, except the tensions in the diagonal
crown, which decrease under both tension and compression forces. Howewanaeases under
compression, the SCF decrems€he influence ofU on SCF is negligible under tensile and
compressive force, except for stresses located in the chord crown, wherecesass under

tensile and compressive forces, SCFs increasesS BGRe chord caused by axial tensile force is
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much larger than those under compression. Finally, the authors developed parametric formulas to
determine the SCFs for CFSTcbnnectionsinder axial force in the diagonal.

Saddle
DS

Crown
,_+—DC

cC

L

Figure 2.23 Geometricparameters of CFST-@onnections and FE model from Zheng et al. (Zheng et al.,
2018)

This section presented a brief summary of the analytical investigations ofdORiisctions,

which in recent decades have increased due to the increases in computatse@dwer, leading

to the study of many parameters that are very difficult to evaluate with experimental investigations.
Some important parameters are the contact between steel and concrete and the stress
concentrations in the weld. It is also importamnhbte that the aspect ratios and residual stresses
have a significant influence on the structural modeling of composite connections subjected to axial
loads. Analytical modeling for CFIsonnections is presented in the next section, results are
verified ayainst three of the bedescribed tests in the literature.

2.2 Finite element modeling

As described in the previous section, numerous combined experimental/analytical investigations
have been carried out to ascertain the structural behavior of-€&¥fihgetions. Although
experimental programs have provided some insight into the effect of varying geometric properties,
materials, and load types on the behavior of GEdrmections, the number of variables that have
been and can be tested in the future istéchi Thus, numerical finite element modeling or some
similar robust numerical modeling methodology is required to expand the range of study variables.
To complement the development of a database and theo$tifweart report summarized in the
previous setions, this research developed a new analytical model for CFT connections, with the
final goal of doing extensive parametric studies to suggest improvements to current design
provisions. Thichaptedimits itself to the description of this new model, alniwas calibrated to

one test by Votl{Voth, 2010)ard further verified by comparatives studies with the result from
tests by Sakai et glSakai et al., 2004 Chen et al(Chen et al., 2015and Huang et a{Huang et

al., 2015)(see Figre 2.24). The selection of these specimens was based on the fact that they
represent common types of tubular concféled connectiongHan et al., 2014and represent

four of the bestlescribed tests in the literature.
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Voth (Voth, 2010) Sakai et al(Sakai et Chen et al.(Chen et Huang et al(Huang
al., 2004) al., 2015) et al., 2015)

Figure 2.24 Schematic views of connections used in the analytical studies.

2.2.1 Software/Solver interface

The preprocessing and computations are performed on the ANSYS LS DYNA pldidB\Y' S,

2020) using computational facilities at PUC and §iimia Tech [ttps:/informatica.uc.cl/
https://arc.vt.ed)/ Due to the higldegree of no#linearities that accompany the inelastic behavior
of CFTsconnections, the study was carried out using an explicit integratioeme with the
doubleprecision LS DYNA(Hallquist, 2006 smpsolver. Under the explicit scheme, the iterative
process associated with an implicit nonlinear problem is avp@hetbecause the mass matrix is
diagonal, the equations of motion can be decoufdledrefore the inversion of the lumped mass
matrix istrivial, which results in low memory requirements. However, one aspect to consider with
the explicit solver is that the integration method is only stable if the time step size is smaller than
a critical time stp size (conditionally stable time interval) according to the stability criteria of
Courant et al(Courant et al., 196 %efined by Eq2.1:

o

Yo P

0
@
wherelL is the characteristic element length (shortest edge or hetgkt)he speed of sound, and

Yois the time stepThe critical time step size calates to the highest natufadéquency in the
system and is calculated for linear systems without viscous damping. Due to nonlinearities, critical
time step size may change with each cycle. Thus, the choice of an implicit scheme does not
necessarily lead to computation time savings.

2.2.2 3D Models

Threedimensional models were constructed to reproduce all the geometric properties and
materials of the experimental test specimens, including details related both to weld type and
geometry and the application of the loads. Symmetry was @esidn one plane, and therefore

the models oWoth (Voth, 2010) Sakai et al(Sakai et al., 2004)Chen et al(Chen et al., 2015)

and Hiang et al(Huang et al., 2015ncluded half of the original geometry (kige 2.25.ad).

Note that one model included shear studs, which considerably increased the number of degrees of
freedom in the model (Fige2.25d).
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a.Voth (Voth, 2010) b. Sakai et al(Sakai et al., 2004)

(c) Chen et al(Chen et al., 2015) (d) Huang et al(Huang et al.2015)

Figure2.25 Finite element meshes for the CFTs connections studied.

2.2.3 Meshing

The geometric discretization of the different components of the €&flisections is carried out

using blockstructural meshes with reduced integration hexahedral elements. These elements offer
the advantage that they can be used in elements with a high aspect ratio without sacrificing
precision. Because hexahedron meshes are difficult to join, numerous diicneszhemes were
attempted in order to obtain the highest reliability in the results. In the region of the weld bead, it
is not possible to use hexahedral meshing, so tetrahedral meshing is used. Mesh size was
established in all models using numericahwergence tests that indicated that models with
upwards of 3x1®nodes were needed for the model of Vgthth, 2010) while 1x16 nodes were
needed for the model of Huang et(&uang et al., 2015A closeup view of the Voth specimen

near the plateincluding the weldis shown in Figre 2.26 and a closeip view of the Huang
specimen near the diagonals, including the presence of shear studs, is showre Zigo give

an idea of the discretization legelhe properties of each model are presented in Rable
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Figure2.26 Mesh near plate for the Voth test. ~ Figure2.27 Mesh near diagonals for the Huanc

test.
Table2.2 Model properties.
Geometric
(Diameter- @ or Number Degrees
Source Type Plate- PL, mm) of Number of Load | Mesh size (mm)
elements| of nodes | freedom | time
(sec).
Chord Diag. Concrete| Steel
Voth T-type @ PL
(Voth, branch 21917 | 100x19 | 293238 | 335403 | 1006209 | 0.1
2010) plate
Sakai et al.
(Sakaiet | K-type @ 328.5| @216.3| 2705547 9364824
al., 2004) 3121608 0.1 6 15
CHS T
Chen et al. | types
(Chen et with @ 140 114 485417 594922 1784766 0.3
al., 2015) | concave
chord
Huang et
:iér'”ang K-type | @100 | @60 | 1612473 1958565 | 5875695| ., 4 15
2015)

To avoid the development of spurious hourglassing deformation modes resulting from the
excitation of zero energy degrees of freedom, the BelytsBitkdeman (Belytschko and
Bindeman, 1993hourglassing control mechanism is used in all models. An hourglass coefficient
(QM) of 0.10 is used, as previously proposed by B(Bhuihl, 2015)for the behavior and design

of steelplate composite walls for blast loads. To further reduce computation costsededuc
integration linear elements are used in areas where yielding was not expected.
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2.2.4 Material Models

Inelastic finite element models of CFT connections must incorporate the material nonlinearities of
both structural steel and concrete. The material aesied for concrete is the MAT_72REL3
model developed by Malvar et §Malvar et al., 1997 his model is a thremvariant model

which uses three shear failure surfaces and includes damageaamdage effectgFigure 2.28)

The advantage of the MAT_72REL3 concrete material model is that the complex behavior of
concrete can be modeled by specifying only the density and unconfined compressive strength when
detailed stresstrain data for the canete materials are not available. As this is the case for most

of the tests reported in the data appendix, the use of a more sophisticated material model, which
would require many more material parameters, appears unjustified.

o

A Pt.2 Maximum
strength

Pt.1

1st Yield

Residual Strength Due
to Confinement

Pt.3

> e

Figure 2.28 Three failure surfaces in the Concrete Damage M@bldified from (Malvar et al., 1997)
For the structural steel, the material models utilized plasticity data extracted from the experimental
investigaions. For Voth(Voth, 2010)and Chen et a[Chen et al., 2015r multilinear isotropic

hardening material model was used since all required material parameters for the steels were
available (Figires. 2.29a-b).
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Figure 2.29 Steel stresstrain curve. Multinear isotropic hardening material model: (a) Voth (Voth,
2010) and (b) Chen et al. (Chen et al., 2015)
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For the Sakai et a(Sakai et al., 2004and Huang et alHuang et al., 2015nodels, a bilinear
isotropic hardening model was used since only the yield and ultimate strength of steel were
available For the latterEquations2.2 and2.3 were used to obtain the real stresses and strains of
the steel(Figure 2.30. It is important to note that these models have been widely adopted in
nonlinear FEA (Gordan et al. 2014, Mullins and Gunnars 2009, Nakashima et al. 1995).
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Figure 2.30 Steel stresstrain curve. Bilinear isotropic hardening material model: (a) Sakai et al. (Sakai
et al., 2004) and (b) Huang et @lluang et al., 2015)

2.2.5 Concretei structural steel contact

A complex phenomenon in modeling CFd@nnections is the contact between structural steel and
concrete. For this purpose, two types of contacts were consideitédthe first being the
*CONTACT_TIED_SURFACE_TO_SURFACE_FAILURE (CTSSF). This contact allows
modeling the failure of the contact element for a stress condition described REQ. (

i A @8, ”
OY oo P

c8

where,, normal IS the normal stresssnearis the shear stress, FS is the static coefficient of friction
and FD is the dynamic coefficient of friction. A good estimate for the value of the contact
resistance is to initially usée tensile strength of the concrete. In this investigation, a sensitivity
analysis was performed to obtain the optimum contact value between steel and concrete.
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It is important to note that theoretically, the concrete subjected to traction resisterbbévand

10% of the compressive strengtk)(fBased on this assumption, it could be argued that the tensile
contact resistance between the concrete and the steel could not beéHagtiex concrete tensile
strength. ' verify the influence of this vaable different contact resistances were analyzed for

the same model. Figure 2.31 shows the behavior of the Voth model for different contact
resistances. At first glance (Figure 2.31.a) it can be seen that the bonded contact (CTSSF contact
without failure reaches the maximum strength of the concrete 8.5 MPa), that is, there is no
contact failure between the steel and the concrete. However, when we assign a CTSSF contact
with a resistance of 10%f'c or less we notice the same behavior (path) mfrteethe same
happens when we use resistance of 9MPa (Figure 2.3b.lbeview the failure condition of the
contact, and this is where we must make a quantitative evaluatiemusanalyze the curve for

a very small deformation (Figure 2.31.b). Wa abserve that for contact resistances of 2 MPa

and 3.8 MPa the failure is less sudden than for 9 MPa and the Bonded type of contact. Although
the numerical model can be assigned any value of contact resistance between steel and concrete,
physically this alue will not exceed 10%. Another important aspect observed in RgR® is

the correlation between the dynamic effects and the value of the contact resistance between the
two materials. As we use a lower contact resistance, the curves tend to hexveuiens (zigzags)

which are extremely important for model stability. Thereféigure 2.31.aindicates that using a
contact resistance equal to or less than 10% of the compressive strength of the concrete is an
acceptable value since it produces morbiltyain the model and the curve trace is closer to the
experimentaplot.

The secondype consideredvas *CONTACT_AUTOMATIC_SINGLE_SURFACE (CASS).

This contact allows modeling the friction between the steel and the concrete, using a frictional type
of body interaction and assigning a friction coefficient. In this investigaidnction coefficient

equal to 0.3 was used. The properties of the materials and the parameters of each model are
presented in Tabl2.3,

Table2.3 Material properties.

Steel (C = chord; D = diagonal) _ Contact Contact
Source f'e E fy (MPa) fu (MPa) U (%) tvpe resistance
MPa)| GP) ¢ [ D | c | D | c [ b | " (MPa)
\2/8%)(\/0th’ 38,5 | 211.5| 389 | 326 | 527 | 505 30 37.7 | CTSSF 3.8
Sakai et al.
(Sakai et al., 31 200 368 | 373 | 459 | 432 35 32 CASS 3
2004)
Chen et al.
(Chen etal., 30 205 298 | 310 | 350 | 365 | 22.63| 28.26| CTSSF 3.00
2015)
Huang et al.
(Huang etl., 45 200 311 | 330 | 425 | 485 33 21 | CTSSF 4
2015)
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2.2.6 LoadApplication

The load application regime followed those described in the experimental investigations studied,
including careful modeling of boundary conditions. The loads were applied in the shortest possible
time to optimize the computational cobtitatthe same time avoid dynamic effeddecause the
loading rate in the experiments was known to be egtasic, a load application time was assumed,
and a load application speed was bealculated.

2.3. Results, discussion and future research

In general, hle numerical models are able to trace well the reported behavior of the selected
specimens, including the transition points in the idatbrmation curves, ultimate strength and
maximum deformation. Figuiz32shows the comparisons of the ledeformationcurves for the
unfilled and filled connections modeled, while Figdr83shows the loadieformation curves for

the filled connections with and without studs.

Figures2.32and2.33plots indicate very good agreement considering that the shape oftle cu

for the four specimens varied substantially. Reiterating, the analytical model is only calibrated to

the Voth(Voth, 2010) specimen and the respor®é the Sakai et a(Sakai et al., 2004Chen et

al. (Chen et al., 2015nd Huang et a{Huang etal., 2015)specimens are basically blind tests of

the model 6s capabilities. The initial stiffn
larger stiffness and slightly larger strengths than the experiments. These differences can be
attribued to the ovestiffness common in most FE models, but also to (a) thdinear behavior

of the concretestructural steel interface, (b) the presence of residual stresses, and (c) initial
imperfections in the specimen geometry, boundary conditionsoalthly configurations. As no

data are available for these conditions in the tests, they are not considered in the numerical model.
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Figure2.32 Comparison of load vs. strain curves.

Another relevant aspect observation from Fig2i@2 when comparing the unfilled versus the

filled connections, is that the filled connections seem to show a better match. This can be attributed
to the fact that the concrete, by preventing or delaying the buckling of the steel, reduces the
uncertainty of e nonlinear behavior of the steel. Figu&32 also shows that filling the
connections with concrete is a good alternative to significantly improve the strength of the
connections; however, in some ca¢8akai et al., 2004)this comes with a tradeoff between
strength and ductility.
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Figure2.33shows the effect of shear studs on the structural behavior of the tests carried out by
Huang et al(Huang et al., 2015 he addition of the shear studs increased the resistance and final
deformation of the connections. Moreover, the stiffnegsh@tonnection increases significantly.
The model is capable of tracking these changes well.

Figures2.32and2.33 also illustrate important behavioral milestones for each specifrtesse
includeinitial steel yielding in section, high stress concentregiaround the weld perimeter, strain

in strain concentration areas reaching 10 and 20 times yield straircateette rupture, concrete
cracking in tension, steel reaching strain hardening, formation of local buckles, steel crack
formation and contrathg mechanism at maximum strength. Again, there is a very good,match
both in terms of strength and deformatiaaseenwhen these milestones are reached.

A very detailed discussion of the behavior of all specimens is not possible given spacefisnitatio
However, two examples will bdiscussed o demonstrate the model 6s
example is shown in Figu2 34, which illustrates the variation of the stresses and strains for the
unfilled and filled Voth specimen@ote the large differerecin the horizotal scale for the two

testy. For the unfilled specimen, the plot at 1mm (F&R.344a, Point 1) shows that most of the
specimen was in the elastic rapgat substantial stress concentrations are already present. The
filled specimen at th same deformation (Fig.34b, Point 3) shows that rupture has begun at the
steelconcrete interface in the weld between the plate and round séairdhe unfilled specimen,
yielding starts close to 100 kN (Point 2, Figure 2.34adijle for the filled specimen it is in the
elastic range (Point 2, Figure 2.34.b). An increase due to strain hardening occurs in the unfilled
specimen (Point 3, Figure 2.34.a), while for the filled specimen a contact failure between the
concrete and the steel is observediciwheads to a loss in the stiffness of the system (Point 3,
Figure 2.34.b). At points 4 and 5 of the unfilled specimen, significant stresses begin to be seen in
the perimeter part of the weld, as well as large deformations of the specimen (PointsHguré 5,
2.34.a). Finally, the unfilled specimen fails under a load of 250 kN and at a deformation close to
68 mm (Point 6, Figure 2.34.a). On the other hand, for the filled specimen, an increasingly evident
failure between the steebncrete contact is ned, especially below the surface where the tensile
load is being applied (Points 4, 5 and 6 Figure 2.34.b). The filled specimen reaches its maximum
strength of 340 kN (Point 5, Figure 2.34.b) and subsequently fails at a strain close to 6 mm (Point
6, Figue 2.34.b).

The second example is shown in FigRr@5 which illustrates the sequence of the variation of the
stresses and strains for the unfilled Sakai specimen at 1, 2, 8, 18, 27 and 30 mm of deflection
(Figure2.35a). Like the Voth specimen at 1 mmost of the specimen is shown to be in the elastic
range; however, at 8 mm, buckling at the diagonal joint of the chord begins. On the other hand, in
the filled specimen (Fig2.35b), it is observed that throughout the deformation sequence the
concretedoes not suffer any damage, and this agrees with what was observed in the experimental
tests(Sakai et al., 20040nly after point 1 does the concrete begin to crack in the diagboed
interface; at this point the steel has already undergone large deformations to the point that it has
already detacltefrom the concrete. At point 2, the detachment of the steel and the concrete can
be clearly seen.

It is important to note that the design philosophy of composite connections is that they reach the
ultimate strength specified in the codes, regardless of the type of failure or the behavior that occurs
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in the concretesteel interface while reaching thdiodate strength. This means that both the steel

and concrete reach very large strains such that slip does not prevent the achievement of almost the
full plastic capacity of the sections. Taking the above into account, Tadles\d 2.5how the
comparisos of the ultimate strengths for the specimens examined. The finite element models were
able to adequately predict the ultimate strengths of the connections unfilled and filled with

concrete.
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Figure2.35 Sequence of stresses and strains of the Sakai specimen.



Table 2.4 Comparison of ultimate strength obtairfemin test results with FEA results.

Ultimate strength CTF€onnections (KN)
Researcher Unfilled Filled

EXp. Num. |Num./Exp. |EXp. Num. Num./EXp.
Voth (Voth, 2010) [258.9 [252.1 |0.97 328.4 348.2 1.06
Sakai et al(Sakai et
al., 2004) 6785 |714.4 |1.06 1440.8 |1442.8 |1.001
Chen et al(Chen et
al., 2015) 1325 [140.3 |1.06 285.8 294.0 1.03

Table 2.5 Comparison of ultimate strength obtained from test results with FEA results (studs).

Ultimate strength CTFE€onnections (kN)
Researcher | Connection Tension brace Compression brace
Exp. Num. Num. | Exp. Num. | Num./
[EXp. EXp.
Huang et al| Without studs | 1112.9 | 1130.8 | 1.02 | 1112.9 | 1184.1| 1.06
(2015) With studs 1320.3 | 1373.1 | 1.04 |1320.3 | 1420.9| 1.08

Figures2.36 through 2.39 show excellent visual correlation when comparing the deformation
responses. The Vothodel with the connection without concrete (kig 2.36a,b) shows that the
deformation of the specimen could be reproduced analytically to very large deformations and
agreswith the results of Voth and Park@foth and Packer, 2012)he contours of the von Mises
stress plots (Figres 2.36¢-d) indicate that the greatest stresses occur in the upper part of the
specimen. Figur.36e shows that the crosgction is defamed into a heart shape by the way the
load is applied and the boundary conditions imposed. In the Voth model with the cdifieckte
chord (Figires 2.36f-g), the experimental tests do not explicitly show the detachment of the steel
tube from theoncrete; however, this can be inferred by the way the specimen is deformees(Fig
2.36f,h). In this model, the stresses are concentrated in the perimeter part of the wales (Fig
2.36h-i), while the concrete does not suffer damage. Figu8éj shows that the concrete does

not undergo any kind of large deformation, while the steel tube is detached from the concrete just
below the load plate and the weld.

In the model of Sakai et al., for the connection without concrete fill, one diagonal mentber is i
compression and the other diagonal member is in tension, resulting in plastic deformation near the
weld joint in the diagonal member being compressed (Ri§3.a-b). Figures 237c-d show the

von Mises stresses, with maximum values at the vertex dfidigenals and the weld as expected.
Figure 237 e shows that the crosgction is only moderately damaged. In the model of Sakai et
al., the concrete is not damaged in the condii¢el chord and diagonals (Riges 237f-g).
However, it is observed théhe steel detaches from the concrete at the vertex of the compression
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member (Figres 237h-i). The crosssection of the concrete at the ends of the chord does not
suffer deformations (Figre 2.37j). In this type of connection, the compression membehe
most vulnerable element.

In the model of Chen et al. for the connection without concrete fill, a plasticization of the chord
occurs around the vertical member (e 238a-b). The von Mises stresses are about equal
along the chord and the verticaember, and they are almost zero at the endsi@& g 38.c-d).

The crosssection does not suffer any significant distortion (Fé.38¢). For the specimen with

the concretdilled chord, the analytical model does not accurately show the yieldilgefahat

occurs in the vertical member. This is probably due to the lack of modeling of residual stresses
and initial imperfections in the test (kiigs 238f-g). Figures 2Z8h-i show that the concrete does

not suffer damage, as well as deformationthefcrosssection of the chord (Fige 2.38)).

Finally, in the model of Huang et al. for the connection without studs, bulges were observed at the
end of the compression brace (Fig8%a-b). Figures Z9c¢-d show the von Mises stresses, with
maximum \alues at the end on the compression brace and the weld as expected. .Bijere 2
shows that the chord cresectionthatdid not suffer any distortion. For the connection with studs

on the interior surface, the model shows a similar failure mode asithatitmconcrete (Figres
2.39f-g). However, it is observed that the steel detaches from the concrete at the vertex of the
tension brace member (feiges 239h-i). The crosssection of the concrete at the ends of the chord
does not suffer deformations (kig2.39)).
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Figure2.36 Model Voth. (Vot, 2010)
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Figure2.37 Model Sakai et al. (Sakai et al., 2004)
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Figure2.38 Model Chen et al. (Chen at., 2015)
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Since the concrete was not seriously damaged in the specimens tested, the authors considered it
convenient to demonstrate that the models were able to capture the failure in the concrete.
Therefore, the model of Sakai et &bakai et al., 2004yvas subjected to twice the original
displacement of the experimental test, that is, 60 mm. Fiydfeshows the damage suffered by

the model through the plot of the plastic volumetric strain, which is contained within the output
data of the concrete maite MAT_072RELS3 (historical variable 5). Figured® indicates that the
concrete in both diagonals (tension and compression) as well as that in the central part of the chord
suffered extensive damage.

History Variable#s
1.063e+05

1.000e+05

9.558e+04

2.024e+04 _|
84916404 _
7.957e+04 _
7.4230404 _
68000404 _
6.3568+04 _
58220404 _
5.289e+04 _|
4755404 _|
42220404 _|
3.688e404_
31548404 _
26210404 _
2.087e+04

15546404

10208404

48648403
-4.725e+02_|

Figure 2.40 Damage in concrete for the Sakai et al. (Sakai et al., 2004) model subjected to twice the test
deformation.

2.4.Conclusions

A stateof-the-art report on experimental and analytical models for composite connections is
presented in thehapter The initial overview reveals that the previous studies mainly focused on
the influence of concrete filling on the structural behaviarashposite connections, as well as the
numerical simulation of composite connections. An important contribution from the data appendix
is what the authors believe is the first comprehensive database on experimental tests for this kind
of connection. The abors intend to keep developing this database by adding more tests as they
become available as well as contacting the researalferfiave conducted the tests described
therein in order to obtain more information relevant to numerical modeling (primaritg mo
detailed material stresgrain information).

The initial results from the proposed numerical model indicate that it can reproduce the most
important behavioral aspects observed in the tests, such as the buckling of the thin unfilled
specimens, the eftt of partial infilling, and the evolution of deformation and strength. The ability

of the models to trace the transition points in ldatbrmation curves will also lead to the inference
that the model can track well the steehcrete interaction. Thesults also highlight the great
advantages that infilling the connection provides in terms of both delaying buckling and more fully
utilizing the strength and stiffness of the steel.

It should be noted that the nature and extent of the damage suffeye@dm due to the geometric
characteristics and load application in each particular connection. Thus, it is difficult to generalize
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the response and the damage evolution from a particular connection to those of all the specimens
shown in the database. @#eéd numerical or experimental studies are needed to realistically
simulate the response and damage of any given connection.

Currently, the authors are using the model in numerical simulations using optimization processes
to determine the most importaparameters that influence structural behavior of the €FTs
connections. The intent is to identify the governing structural parameters and find experimental
data that will highlight their importance. In particular, current efforts are focused on determining
the best numerical ranges for the parameters that affect significantly the contact between the steel
and the concrete; those values appear to be in a rarig&0®6 of the value of the resistance to
compression of the concrete.

In the future, the modetsnbe used

1 to realistically model the performance of composite connections under static and cyclic
loads,
to evaluate parametrically variables that are difficult or costly to determine experimentally,
to assess behavior under mugitates of stress,
to assess damage evolution between the contact surface between the steel and concrete,
to determine the effect of embedded steel sections and mechanical shear connector, and
to understand the role of stress concentration factors and residual stresses|ffiom

=4 =4 -4 -8 -9
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Chapter 3.

3.  Advanced Modeling of Shear Studs in SteeConcrete Composite Beams
3.1. Introduction

The use of composite constructiorsteel and concrete has beecorporated intanany structural
systems since théate 19h century (Fisher, 1970; Oudheusden, 197Thudimann, 1985)
Beginningin the 1960s, composite floor systems hgamedwidespreadcceptance in the design

and constructiomf modernbuilding and bridgestructures This adoption is primarilglue to the
development of simple design rules developed by AISC basedxbaustiveexperimental
investigationgJohnson., 1970; Oehlers and Bradford, 1995; Roeder, 1984; S. Balakrishnan., 1962;
Viest, 1960; Viest et al., 1997)

As discussed in the negection (3.2 Background), current design provisions for composite beams
are predicated on older tests that do not represent the type of construction used today insofar as
connector capacity, span lengths, amount of partial interaction and distributonractors is
concerned. The governing specificat{@dSC 360, 2016pegan to address the connector capacity
issues in its 2005 edition by clearly addressing the issue of the strong and weak position of the
connectorgEasterling et al., 1993; Ramibtoddenberry et al., 2002pPn the other hand, issues
related to conneain ductility demand and its determinatidviujagic et al., 2015; Mujagic, 2004)

have not received similar attention until very recently. The need for a reexamio&the AISC

design provisions with respect to connector ductility has been brought to the fore by the unexpected
failure, at about 80% of the predicted capacity, of the longest composite beam with partial
interaction that has been tes{®dST, 2019) This unexpected brittle failure for a beam that meets

all current criteria requires thatlvanced models capable of tracking shear connection failures be
developed, so that parametric studies can be run to develop more realistic design provisions. This
chapter presents the development and calibration studies for such a model.

3.2.Background

In most composite floor systems designed todaysttength ductility, andstiffnessdepend on

the behavior of thehearconnection. In this system, tisteel decknitially acts as a permanent
formwork during thecastirg of fresh concrete. fize the concrete harder@mmposite actiors
obtained through thase ofmechanicabnchors, such as shear studhjch are weldedhrough

the steel deck to the upper flange of the beéfigure 3.1). For the typical configuration of a
composite beanfigure 3.1 shows that thesteeldeck has stiffeners (ribs) in the center of its
troughs; these ribs serve to stiffen the deck during concrete casting but become an obstacle to the
welding of the shear studs during the construction process. The preseneseriof tbsults in the

studs being placed effenter (Figure 3.2.a), in either a strong or weak position depending on the
amount of concrete that interacts with the front of the stud. These different positions result in vastly
different connector strength iffure 3.2.b). The typical composite floor configuration is
complemented bglabsteelreinforcement (welded wire fabrim generglthatminimizes cracking
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Concrete slab
Shear studs

due toshrinkageand temperaturstresseskloors of these types are the most common in multi
story steel office buildings in the USA,; this is the system addressed in this chapter.

Deck stiffener

Welded wire fabric

Steel beam

Weld

€mid-ht

Figure3.1 Typical composite steel beam configuration

Emid-ht

Weak Strong
trong stud positiorfgasterling et al., 1993)

(a) Weakand s
25

20 Strong Position
~~ 15}
a8 Weak Position
£
< 10}
S
00.000 O.C‘lzﬁ 0.(;50 0.(;75 0.1I00 0.1.25 0. 1.50
Slip (in)
(b) Load vs. slip for strong and weak position shear studs forpuistestgEasterling et al.,
1993)
Figure3.2 position and strength of shear studs in poghtests
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The main function of the sheatudsis to resist shear forces at the ste@hcrete interfageto
transfer those forces to the slagbmarily through concrete bearingnd to prevent vertical
separation between teteeldeck and the steel beanT$iese functions provide superior composite
adion for the system as a whole

3.2.1 Connector Strengttand the Pushout Test

The most common shear connector is the headed shear stud or anchor (Figure 3.1), for which the
installation process (stud gun) was patented shortly after the end of WWII byelsssh(flelson,

1946) The welding pocess results in a fuditrength weld that allows the stud to transfer the forces

by mechanical bearing against the concrete to the steel beam below. In addition, the presence of
normal forces means that (1) friction and adhesion between the deck amdteonad (2)
mechanical bearing to the ribs also contribute to the shear capacity of the system. The value of Q
which is obtained from pushout tests, is a combination of all these mechanisms, with the majority
of the strength being assumed to come ftbenbearing component.

The most important characteristics that are considered for the design of composite beams are the
load-displacement relationships and shear capaldiiyever, to determine these characteristics as
accuratly as possible, largscaletests of composite beams are requifEds is often costly and
time-consumingso a simplified methodology, based mushout testshas been widely adopted
Severalypes ofpushout testqFigure 3.3.9 have beemproposedn order to identify the damag
mechanisms and the factors that have a significant influence on the structural behavior of
composite beamdn most cases thexperimentatestshave beewalidated by numericahodels,

which, in turn, have been useddarry out parametric studiédlsamsam, 1991; Davies, 1969;
Easterling efal., 1993; Johnson, 1971; Lam andLBbody, 2005; Oehlers, 1989; Slutter and
Driscoll, 1965) This approach is used not only for Nelson shear studs but also for innovative shear
connectors. For exampl@guejiofort and HosairfOguejiofor and Hosain, 199%pnducted a
numerical investigation of pustut tests using the ANSY@@ogram (Figire 3.3.b-c).
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Figure 3.3 Configurations for analyses of pusht tests for perfobond connector (Oguejiofor and
Hosain, 1997)

They derivedhe following twomathematical expressisto predict the sheatudscapacityfor
the perfobond rib connector as a function of connector ggmand material properties (&q
3.1lab):

N 18 xE® odnmA mdp £ mdoh £ DA
N 198 nE@cdpA £ mop £ oPSA

Where:h = height of connector (mm), t = thicknegsconnector (mm),d= compressive strength
of concrete (MPa), &c = shear area of concrete mamnector (mrf) = longitudinal area of slab
minus connector area,A total area of transverse reinforcement @nrfy = yield strength of
reinforcement (MPa)

Considering the coputational costs and the time required to develop 3D FEM models, Guezouli
and Lacha(Guezouli ad Lachal, 2012proposed a 2D nonlinear model (Fig. 3.4a) to capture the
structural behavior of the pushut tests, and the results of the proposed model were compared
with an experimental investigation (kige 3.4.b-c). They showed that the contacteriaice
between steel and concrete significantly influences strength, stiffness, and forces in shear studs
(Figure3.5).
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Load per stud (kN)

2

(b) Geometry of the specimen (mm). (c) Test setup.

Figure 3.4 Structural configuration and numerical model (Guezouli and Lachal, 2012)
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(a) Stress isovalors plotted for the whole specimen foivarfical displacement W= 3 mr
and friction coefficientspy = 0.2,u2 = 0.3.
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Figure 3.5 Results of the 2D nonlinear model (Guezouli and Lachal, 2012)
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Yanez et al(Yanez et al., 2018§)erformed numerical simulations using 3D finite element models
considering the nonlinearity of steel and coteras well as the nonlinear behavior of contacts

the models were built and analyzed in ANSFgjure 3.6.a) The model was compared with 24
pushout tests that were used to predict the structural behavior of the gy&teme 3.7.a)They

studied two dierent shear stud diameters and two stud posit{igure 3.6) The numerical

model demonstrated its efficiency and accuracy in predicting the characteristics of the plastic trend
of the loadslip relationship (Figre3.7). However, the initial stiffnesgppears to be higher in the
experimental results. This condition appears to be related to physical interactions (e.g. friction)
that were not included in the numerical approach.

= ._-}

: -
A ? . >
(a) Finite element pusbut test model. (b) Experimental model for pushout
test.

Figure3.6 Test setup and numerical model (Yanez et al., 2018)

16 mm-weak

(a) Graphical visualization of the pustuttest for 16 mm stud diameter placed in the

weakposition.
‘Deck separation

16 mm-strong
(b) Graphicalvisualization of the pushbuttest for 16 mm stud diameter placed in the
strongposition.
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Figure3.7 Results of the 3D nonlinear model (Yanez et al., 2018)

Recently, Katwal et a(Katwal et al, 2020) built threedimensional finite element models to study

the load transfer mechanism between shear studs and profiled steel sheeting in p{isguests

3.8). The models were developed in ABAQUS and considered the nonlinearity of the materials
and the nonlinearity of the contact surfaces between the different elefardmetric studies
indicate that the load carried by shear studs and steel sheeting are strongly correlated with the
number of shear studs, bolt diameter, concrete strengthirghegentation, rib height, presence

of transverse load, etfrigure 3.9)
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Figure3.8 Typical FE models for simulating push test specimens.
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Figure 3.9 Typical FE models for simulating push test specimens (Katwal @020)

The most modern pushout test configuration is shown in Figure(8180 S923, 2020) In this
configuration, a steel beam connected with studs is pushed againstmmesically placed slabs

and the total load and the slip at the bottom of the steel beam are measured. The total force divided
by the number of connectors is graphed against the slip to provide an averadeftmathtion

curve. The maximum load is takeas Q. A minimum deformation to failure of about 5mm (1/4

in.) is deemed to show adequate ductility for the system. The test configuration shown in Figure
3.10 has an additional set of exterior steel beams meant to provide some normal (or clamping)

force D prevent early separation of the slab. These normal forces have not traditionally been part
of the test.
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Figure3.10 Modern pushout test configurations (AISI S923, 2020)

The scatter of pushout test results is generally large, with coefficients of variation greater than 15%
(RambeRoddenberry, 2002primarily because the results are driven by the failure of the weaker
stud or the concrete surrounding it, which results immediately in an asymmetric loading
configuration and a rapid progression of failure. Because the design byLARBD (AISC-

LRFD, 2001)utilizes a single resistance factor in member design, a resistance factor of 0.9 is used
in the flexural design of the beam; mesistance factor is associated with the connector itself, which

is probably the more variable of the three components (steel beam, concrete slab, connectors). The
use of a partial safety factor for the connector, as done in the Eur@¥d®94, 2004)typically

results in significantly more shear studs being required. The USA approach to this discrepancy has
been to point out that not one properly designed composite floor has ever failed in the field once
it was comptted. While this is correct, the reasons behind the lack of failures is that it is almost
impossible to load a composite floor to its design capacity and that thdiroeesional design
idealization ignores important twdimensional force redistribution gabilities.

It has long been understood that there are important differences between the stresses set up in a
pushout test and those around a shear stud in a typical composite floor. However, because the use
of load-deformation curves from pushout &gt still the industry standard, the research reported

herein begins with the modeling of the pushout test to better understand its correlation (or lack
thereof) to the stud behavior in an actual beam.

69



3.2.2 Partial Interaction

Typically, two cases of conagite action are considered: (1) full interaction, where the strength of
the shear ¢oNQ B greaierahan tifesste@ngth of either the stedljr concrete
(0.85fcAc) portions of the section, or (2) partial interaction, where the cgpatithe shear
connection is below that of both the steel and concrete portions. Here, N = number of shear studs
in shear span, s the shear strength of an individual stuglisAthe area of the steel sectionj$

the yield stress of the steel, i the concrete cylinder compressive strength, And the solid

area of the slab.

Most office floor systems today are of the partial interaction type because:

(1) the steel beam size is controlled by the need to cast the floor system without shotass and t
only a relatively small portion of the full composite action is needed to meet ultimate strength
demands;

(2) the reductions in live loads that have accrued in office floors due to changes in partition
materials, transition to a digital environment, aedign live load reductions due to the larger
bays in use today mean that the total gravity loads are considerably lower than in the past;
and,

(3) the use of plastic design principles in the design of floor beams results in large strength gains
at lower leves of interaction. A typical beam (W18x35, such as the one described later in the
chapter as part of the NIST tests) will achieve 82% of its full composite strength with only
50% interaction. The most economical floor systems require low amounts of iotei@ot
American construction, in the range of 20% to 50%).

Plastic design, as used in the design of studs, makes the assumption that a connector has rigid
plastic behavior with infinite deformability. As noted earlier, it is assumed that a minimum of
about ¥ in. (5 mm) obtained from pushout tests will be suffi¢era beam with even low levels

of interaction (25% or more) to reach its design capacity. In addition, the assumptions imply that
for many practical situations, the anchors can be distributed uniformly over the shear span. These
assumptions have beenthé foundation of composite beam design since their introduction into
the design codg¥iest et al., 1958) Those assumptions were verified with extensive proprietary
tests at kehigh University in the 1960s and 1970s with beams up to 32 ft. (9754 mm) long.

3.2.3 Connector Ductility

Recently, the increase in floor spans, with bays in the 45 ft. (13716 mm) to 60 ft. (18288 mm)
range, means that larger slips are imposed on the conneetar the ends of the beams, and that
designers potentially could be entering an area where conventional assumptions do not apply
(Mujagic, 2004) Thus, there have been discussions within AISC as to the need to impose some
ductility limits on the connectors. That effort culminated in the introduction of a seemly harmless
sentence at the end of $iea 13.2d in the 2016 AISC SpecificatigAlSC, 2016) That sentence
states:
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The effect of ductility (slip capacity) of the shear connection at the interface of the
concrete slab and the steel beam shall be considered.

Unfortunately, theSpecification and its Commentary do not provide any specific guidelines on
how to prove this requirement. They do say:

Based on the available studi@dujagic et al., 2015; Selden et al., 201B¢ams

are not susceptible to connector failure due to insufficient deformesipacity,

and thus, need not be checked for this limit state if they meet one or more of the
following conditions:

(2) Beams with span not exceeding 30 ft (9.1 m);

(2) Beams with a degree of composite action of at least 50%; or

3) Beams with an average nominal sheannector capacity of at least 16
kips per ft (233 kN per m) along their shear span, corresponding to a 3/4
in. (19 mm) steel headed stud anchor placed an12300 mm) spacing
on average.

Thus, much work needs to be done to extend these limits, yasldheot necessarily cover the
majority of the cases. In addition, while the current Commentary states that only one of these
conditions needs to be fulfilled, that may not be sufficient in cases with large point loads near the
ends of the beams, where tinaditional uniform distribution of shear studs may also not apply.
These two limitations, connector ductility, and shear effects are the primary topics addressed in
this chapter.

3.3. Literature Review

There are many shapes or typesan€horsthat are used to ensure shear transfer in composite
beams These includeshear studs(Qureshi, 2010; RambBoddenberry, 2002)angles
(Balasubramanian and Rajaram, 2016; Maleki and Bagheri, 26108¢d plates with or without
transverse bars, arlgentup tab shear transf@late (Irwan et al., 2011; M.Irwan et al., 2009)
among othersThe deformability of theselements largely determines the structural behavior of
composite beams, influencing their bending strength and stiffresssoted in the original
development of the theoretical composite beam beh@Mewmark et al., 1951)'he complete
solution for the behavior of a steel beam connected to a concrete slab by elastic springs, including
vertical separation, was given by Robinson and Narig&wbinson and Narieane, 1988)
Additional load cases and further refinements were providgd\lsgmsam, 1991and Cosenza
and Mazzolan{Cosenza and Mazzolani, 1993)

Initially, in composite beam studies, a complete interaction between steel and concrete was
consideredHeins and Kuo, 1975; Kostem, 198#)d shear connectors were modeled asl rigi
springs(Moffatt and Lim, 1976)elastic springArizumi et al., 1981pr as smeared over the entire
interface(Hirst and Yeo, 1980)n other cases, threkmensional bars were proposed to model the
nonlinear behavior of shear connectéRazaqpur and Nofal, 198%lowever, this formulation

did not consider rotational degrees of freedom and ignored bending deformations. Although in
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some cases these models presented reasamalddations texperimental results, they were not
efficient enough to be implemented in 3D nonlinear finite element analksisview of early
numerical models based on stiffness formulations and finite elements implementations is given by
Leon and Vies{Leon and Viest, 1997hs that review is nialy of historical interest, details of

those efforts are not given here. In addition, reviews of early experimental investigations on
composite beams and pushout tests (up to about 2010) will not be given here as the number of tests
is large and excellesummaries and databases area available else@ejagic, 2004; Rambo
Roddenberry et al., 2002; ZhaodaLeon, 2013fMujagic, 2004; Ramb&oddenberry, 2002)

The implementation of 3D nonlinear finite elemenethod (FEM) to predict the structural
behavior of compate beams began to appear in the late 1988svendran et al., 1998hd early
2000s(Baskar et al., 2002; Hlobody and Lam, 2003)TheseFEM investigations presented
challengng problems in terms athe modding of the inelasticity in thanaterials, the steel
concrete contacand the types of element®edéd to eliminate numerical problemEfficient
nonlinear threalimensional finite element models were also implemented to characterize the
behavior of shear connectgfsliobody and Young, 2006; Lam and-Ebbody, 2005) Qureshi
(Qureshi, 20103tudied the behavior of head sadtshearstuds in composite ste@oncrete beams
with profiled sheehg by constructing a thredimensional finite element model. The 3D FEM
model accurately predicted slip, shear connector strength, and maximum faicee and
captured the separation of the steel deck from the concrete slab. Howreathe modelwent
beyond the maximum load, overestimated the ductility of the connector. The results of the 3D
FEM model were validated by experimental push t@stare3.11)

Finite clement model
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