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Abstract

Concrate Filled Steel Tubular {CF3T) E-joints employed for fmass structures gained high inferest in
the last vears due to their widespread use m engineening practice. The overall performances of these
jomts can be efficiently mmproved by using stesl studs welded in the mner surface of the stesl chord
filled with the concrete, aveoiding punching shear failure, and improving the overall strength and
ductility. However, a reliable prediction of the structural behavier of the joinis 15 outmost of
mportance for the assessment of the capacity of new and existing structures, and there are no
standardized design methods nowadavs. In this paper, the structural performances of CFST E-jomnts
with and without steel studs are imrestigated by Finrte Element Modelling (FEM) approach with the
am to provide a predictrve tool for the design. A comprehensive discussion of the kev parameters
that govemn the FEM procedure as well as the calibration of the FE medsls vwas provided to zive the
basis for a rehable modelling of CFST E-joints with and without studs for the predictions of the
load-displacement’stramn response and the sitrength, considermg the main fallure mechanisms. In

this context, in addition fo the detailed FEM of CF3T E-joints with steel studs, a simplified
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equivalent FEM approach 1s proposed to reduce computational effort keeping the same accuracy.
Kevwords: concrate fillad steal tubes (CEF3T); E-jomts; finite element modellmg (FEM); simplified

equivalent modelling; steel studs.

1. Introduction

Truss structures made by concrete filled steel tubular (CFET) members have been studied and
widely used m engineermg practice 1 the last twenty vears. Many examples of constructions show
the high mechanical performances of the tubular shape regarding loadng in compression, torsion
and bending [1-5] as well as for the benefit from the light self-weight. The CF5T structures haie
high strength and ductility dus to the compressive strength and ductility of the core concrete
mereased by the confinement provided by the steel tube. A number of studies were dedicated to the
assessment and the design of the capacity of steel hollow members and jomts with and without
concrete filling [6-18].

The design of members m fruss structures 15 generally based on vislding condifions since the
deformation over the vielding pomt could become excessive. Another aspect 15 that the failure
condrtions nead to be accurately studied, becauss, for example, a tensile member made of ductils
stezl can be brittls if a particular cross section 1s weakened, 2.z, by holes 1o such a way that thas
cross saction fails before the whole membear vields. It 15 therefore required that vielding occurs first.
The challenge m the optimization of the desizn procedure leads to a correct definrtion of the joint
connections. However, the research m this direction 13 not exhaustive and needs further
development from an analytical and experimental point of +view. For the latter, the difficulfies are
addressed to the realization of full-scale specimens and related expernmental setup. On this amm,
Finits Elament Modelling (FEM) approach can be a powerful tool for the prediction of the capacity
of a wide range of configurations of such kind of compesite joints, grven that the FE models are

accurately calibrated before.
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Ameng the most mportant studies available in the state of the art, some experimental amd
numerical researches on the mechamical performance and faillure modss of local jomts m fruss
structures were conducted. Sakar et al. [17] carmed cut an experimental study on tubular K-jomnts of
truss girder to mvestizate on the ultimate strength and fatigue properties on six different types of
specimens, composed of concrete non-filled, concrafe filled, and concrats filled with remnforcement.
It can be found that the strength and the stiffness of the conerate filled specimens was considerably
mproved with respect to K-joints made only with Circular Hollow Sections (CHS). Huang ot al. [9]
carnied out expenimental research on the faillure modes of E-jomts of CF3T fruss structures of a
tubular chord fillad with conerets and two braces melmed at the same angle with respect to the
chord. The results were compared with those obtained by testing E-joint specimens of CHS fruss
structuras with the same size. It can be confimmed that i the case of CHS E-jomts a chord face
failure mode occeurred, while for CFST E-joints the mechanical performances were noticeably
mproved despite the fallure by punching shear i the tension region was observed. It can be
demonsirated also that the performances of the K-jomts can be considerably improved in the case of
using mternal steel studs welded 1 the mmner surface of the chord in the jomt region. Lm et al. [13]
performed an expernimental moestization on E-jomts of CFET members with and without inner
studs, followmg the same experimental setup by Huang et al. [9]. Specimens with different
dimensions were used for the testing, confirming the results of the previous experimental study in
terms of faitlure mechamisms. Hou et al. [19.20] cammed out experimental and mumerical
mrestigations on Concrete Filled Double Steel Tube (CFDST) E-joints. The members were realized
by wsing mner and cuter steel fubes with sandwiched filled concrete 1 between and subjected to
different load paths. Finally, sumplified analytical formmulations were proposed for the prediction of
the strength. Jin et al. [21] presented a mumerical study on blind-bolted demountable CFST E-jomts
on square hollow sections. The E-jomt specimens were realized by conerete filled chord, hollow

braces, flush endplate, blind belts, and through-wall bolts. The authors discussed on the mechanical
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performances of such composite jomts and gave some geomefrical and mechanical design
recommendations for the components of the jomts based on the numerncal obser-ations. Zang et al.
[22] presented the numerncal studies to determine the siress concentration factors m the joint region
for several confipurations of CFST E-joints subjected to different boundary conditions. It can be
highlighted that hot spot stresses for CF3T E-joinfs resulted to be lower than those of hollow
specimens and identified four geometrical parametars that govern the fallure modss of such joints.
Hou et al. [23,24] mvestigated and compared the local bearing forces of CFET members with
werfical or mclmed brace by experimental and FEM approaches. It can be highlizhtad the rols of the
concrets filling and the typical fartlure modes of Tjoints with different inchnations of the steel brace
with respect to the steel chord. Zeng et al. [23] presented the mumenical studies to determine the
siTess concenfration factors im the jomt region for several configurations of CFST T-joints subjected
to different boundary condifions.

Besides the researches on the local joints, the mechanical performance and failure modes of
truss structures were also muvestizgated. Huang et al [11] cammied out experimental research on the
jomt resistance and faillure modes of CHS, hvbrd with an upper CFST chord and a lower CHS
chord, and CFST trusses with different web arrangements. It can be found that CFS5T girder joints
fail 1a punching shear, except when brace faillure occurs first. The formulae, onginally proposed
for CHS jomts in some codes, was updated to caleulate the resistance of CFST jomts. Huang et al.
[26] carried out expenimental research on 1:8 scale two-span specimen designed for mult-shaking
table test under arfificial waves based on design spectrum to investizate the seismuc behaviour,
based on a confinuous bndge with CFST composite truss girders and lattice high pier as prototype.
The FE model was developed by using OpenSees software, and the accuracy was venfied by
shacking table test results. Xu et al [27] investigated the effect of the rise-to-span ratio and infill
concrete on the flaxural performance of curved conecrete filled steel tubular (CCFST) trusses wath

curved CF3T chords and hollow braces by experimental and FEM approaches. Different failure
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modes were ohserved: bending fatlure for CFST tmusses, bending-shear fatlure for CCFST trusses
and local buckling failure for hollow fubular trusses. It can be found that the stiffness and
load-carmving capacity of CCFST trusses were larger than those of CFST frusses, but the CCFST
trusses experienced a joint fatlure with relatively low ductility, resulting im a sudden drop of
sttength. Meanwlule, the mfill concrete provided support to the steel tubular chords and mersased
the stiffness, load-carmving capacity and ductility. The simplified models for predicting the elastic
stiffness and the load-carrying capacity were suggested. Yuan et al. [23] presented an expermmental,
numertcal (OpenSeess) and theoretical study on the seismic performance of CEFST battened buli-up
column (CEFST-BBC) prers. The faillure modes of CFET-BBC specimens were domunated by local
buckling at the bottom of CF3T chords. The theoretical methods to caleulate the elastic lateral
stiffness, the peak lateral load, the peak and ulttmate drift ratios on the top of the CEST-BBC piers
were proposad and verifiad by the test data and FEMM analysis results.

Usually, experimental fests give a fundamental benchmark fo confirm the reliability of the
proposad predictrve analvtical models. Hovwever, there 15 a lack mm the momber of available
experimental data, and the avalable sxpenimental studiss do not cover the geometrical and
mechanical ranges of use of such kind of composite joints. Moreover, for specific joint
confizuration, 1e. m the presence of stesl studs, the defmition of accurate predictive modals 15
difficult by using analvtical approach. FEM 15 a povwerful approach for the prediction of the
capacity of joint members and pronides a strong help to fill the gap of experimental database. On
the other hand, FE models need to be carefully calibrated based on experimental rasults to be used
as predictive approach in order fo give a reliable prediction of the capacity. The Openiees softwrars
was used by some researchars to buwld the fibre-based FE model of CF5T truss structure. Howevar,
the influence of the interaction between the steel tube and core concrete was neglected. In order to
analvse in detail the interaction between the steel tube and core concrete also considermg the steal

studs, the ABAQUS software was used, building up the FE medel of CF3T truss structure with
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solid elements. In this context, in addition to the mechamecal behaviour of the elements (conecrete
cora, stesl chord and braces) that compose the jomt, also the mteraction betweesn the comfact
surfaces (steel and concrete) 15 considered m the FE model

The aim of this study is therefore to pronide a reliable FEM tool for 1) the prediction of the
load-displacement/'sirain (stiffness) response and 1) the strength prediction of the E-joints with and
without steel studs, considermg, according to the Eurocods 3 [29], the mam failure conditions of the
jomts identifisd by

- Chord face faitlure (chord face plasticization);

- Punching shear fatlure of the chord wall (crack mitiation leading to rupturs of the brace
members from the chord member);

- Local bucklng failure of a brace member or of a chord member at the joint location;

- Brace failure with reduced effactive width (crackmg m the welds or in the brace members).

Expenimental tests by Huang et al. [9] and L ot al. [13] were used i this study beth for the
calibration of the mumerncal mode]l and subsequently for the prediction of the capacity. Mam
charactenistics of the experimental specimens, such as geometrical, mechamical properties and load
paths, are described in the following before mtroducing the description of the path of the FEM
carnied out by the Simulia ABAQUS Software package [30].

In a first phass, the attention 15 dedicated to the calibration of the fatlure conditions of the CHS
and CF5T K-qomts. Subsequently, the FE moedel of CF5T K-joints with steel studs welded to the
mtertor surface of the chord in the jomt regiom ([CFS5T-5) 15 bumlt up based on the actual
reproduction of experimental specimens. Then, a simplified eguivalent modelling approach s
proposed to reduce the complexity of the FE models and the computational efforts. The abese
findings are then used for the comparisons with other experimental results to demonstrate the
reliability of the proposed FE model 1o the prediction of the strength and the stuffness properties of

the composite K-joints.
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2. CFST K-joints: description of the specimens

According to the test setup by Huang ot al. [9] and Liu et al. [18], the two stesl brace members
were connected by weldmg with a chord member. The melmation of the brace with respect to the
center lime of the chord member was 807, and their centerlimes met sach other along the verfical
centerline of the chord member to eliminate sccentricity. The lengths of the chord and brace
members wera fy= 2000 and J = 900 mm, respectively. The outer diamseter and thickness for the
chord were dy = 310 mm and fy = 10 mm, respectively. The brace members (thickness f =& mm, 3
mm, and 10 mm) had an outer diameter of d = 219 mm. The minimum distance (gap) between the
outer surfaces along the surface of the chord member was g = 42 mm. The member sizes and the
mechanical characteristics of the steel and the concrete of all tubular K-joint specimens under
consideration are lhisted i Table 1.

Begarding the load paths, the steel chord was subjected to compression force in the first step.
Then, the load was kept constant durmg the second step in which the stesl braces were subjected
one m tension and the other one 1o compression simmultaneously (Fig. 1). The compression force at
the top of the chord was 2300 kN and of 4300 kN for the CHS and the CF3T specimens,
respectively. The boundary condifions can be schematized in Fig. 1. Please refar to the original
treatment for more details [9,1E].

Steel studs with a height of 30 mum were nsed (shank diameter = 19 mm, head diameter = 32
mm, head thickness = 12 mm} to build up CF5T-5 specimens. The stud spacing in the direction of
the chord tube was 130 nmun, and the spacmg along the interior circumference of each chord section
was 128 mom (12 studs per ssction). The spacmg m the longitudmal direction was 1530 mum and the
studs wers welded on eight circular sections of the chord tube. Therefore, m each joint, 96 studs

were welded aleng 1050 mm (details n Fig. 2).
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Fig. 1. Experimental setup and boundary condition for CHS, CF5T and CF5T-5 K-jomts [9,18]

Fiz. 2. Details of CFST-5 specimens [9]

The experimental tests showed different farlurs mechanisms for the spacimens. CHS E-jomts
failed by chord face faitlure mode, while CF5T and CFST-5 E-jomts failed by punching shear m the
jomt region of the weld toe with the brace in tension except for the case of specimens with low
thickness to diameter ratio for the braces (as for CFST-6 specimen), for which buckling in
compression was observed and identified as fallure meds. In the other specimens, brace faillure was

caused by vielding at the joint location, with an outward bulge that formed close to the jomt (Fig. 3).
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Finally, 1t could be stated that punching shear failure was found to be the typical failure mode of
CF5T E-qomts if no brace farlure mods ocowred before. The main differsnce, i the case of studs,
15 that the specimens reach the vielding strength of the steel for the brace m tension. Fesults are
shovwn in Table 2 and Fig. 4.

Table 1

Geometrical and mechamical characteristics of the CF5T E-joints [9,13]

Spaci Feometry/'mm Hteal WPa Concrete/MPa
Source PLE':]EED Chord Bracas Chord Braces
dxrxl  dyxnxly  fi-f fi-fi £
CHS-6 -
CFST-6  510x10%2000 219%6x520 330 - 383 ,
W Ef= D‘.ll 3- P
Huane s 8 -as T
AL TUCFST8 S10x10x2000 219x8x820  £=033 =22 -
[9] W g=10.22 37
CTS1-10 3122 - 487
W 51':'.‘-{1[?}!2““0 EIQHI'DHZEEU E|=|:|‘.l]. 3-_-"
Liu et PI* _ 275-428  259-417
L lE TP 600x14x2000 245x10%900 e 002 19

* Specimens with studs. £ is the yielding strength of steel; £, 15 the ultimate tensile strength of steel;
gy1s the failure strainm of the stesl; f. 15 the eylinder compresse strangth of concrete.

Takle 2

Comparison between experimental failure and yvielding force for the braces m tension

Specmmen Label Exp - brace in tension®™ Yield strength/k™ Exp/Yield strength mf:];lulif.m
CHS-6 717 1324 .54 CF
CFST-6 1118 1325 .84 B/P3

CFST-6 5% 1334 1325 1.01 B/P5
CHS-E 719 1723 042 CF
CFST-2 1535 1723 .82 P53

CFST-5 5% 1761 1723 1.02 PS5

CEFET-10 1811 2114 .78 P53
CFST-10 5% 2120 2114 1.00 P53
PI* 20ED 1912 1.09 PS5
PII 1347 1912 ne7 P53

CF=Chord fatlure; B=Buckling of the compressed brace; PS=Punching shear.
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Fiz. 4. Experimental data by (a) Huang et al. [9] and (b) Liu et al. [18]

3. Finite Element Modelling

As stated in the previous sections, the amm of the study 15 to address a reliable FEM approach
to predict the capacity in terms of strength and stiffness for CFST E-joints with and without stesl
siuds. In the frame of modelling CFST K-joints with studs, a simplified FEM procedure 15 proposed
to reduce the high time-computational effort keepmg the same accuracy mn the results.

The FEM software package Simulia ABAQUS CAE [30] was used to build up the FE models
for K-jomts. The amalysis was performed i two steps according to the test setup discussed m

Section 2. Firstly, the steel chord was loaded up to a pre-fixed compressive load Then the load was

10
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kept constant, and the steal braces were loaded until the failure of the joint 5tatic non-lmear
analvsis was defined by considering geometrical and mechanical non-linsanty of the members.

Four tvpes of FE models for the E-joints were bwlt, that are:

[a—

. E-joint FE model with CHS.

[

E-joint FE model with CFST.

3. Detailed actual E-jomt FE modal with studs (CFST-5).

4. Sumplified equivalent E-joint FE model with studs.
3.1 Element modelling and boundary conditions

For the FE mode]l bult for CFST K-jomts without steel studs, the concrete filling mside the
steal chord was modelled by means of C3IDE-R (8-node linear brick, reduced integration, hourglass
control) elements, while the stesl chord and braces were modslled by means of C3D10 (10-nods
quadratic tetrabedron) elements. In the case of the FE model blt for the specimens with studs,
C3D10 elements were used to model the concrete, steel chord and braces, and studs. In the latter
casa, a slice of the complete model was built to reduce computational efforts, as shown mm Figs. 3-7.
The reason of using C3D10 elements 15 due to the complex shape of the studs and the concrete for
CF5T-5 specimens. It 15 worth to state that in the frame of a simplified FEM, in this work, the weld
toe was not inchaded m the FE model

Surface-to-surface confact inferactions were defined between the mmner surface of the stesl
chord and the conerate filling. “Hard contact” was set in the normal direction, allowmg separation
after contact durmg the shdmpg, whils “penalty contact” was defined 1m the tangential directions,
assuming friction coefficient of 0.3 according to references [20,31].

Boundary conditions were assumed in accordance with the experimental setup and load paths
of Fig. 1. In detail, the specimens were clamped at one side of the chord end. The other side was
loaded in the axiz direction m the first stage of preloading of the steal chord. At the pomt load, the

displacements in the orthogonal directions were fixed In the first step the steel braces were not

11
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constrained. In the brace load step, the stesl braces were fixed m the direction orthogonal to the axis

and a displacement was applied at the centre of the end cross section to a reference point pinned by

a rigid body.

b,

Fig. 5. Assembly model and meshing for CF3T E-joint specmmens.

Fiz. 6. Boundary conditions for the actual slice model of CF5T E-joint specimens with stesl studs

Fig. 7. 5teel and concrete meshing for CF5T E-jomt specimens with studs

3.2 Material modelling

Modelling of Stesl

The constitutrie behaviour of the stesl was assumed by elasto-plastic stress-sitain relation
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maodel with hardenmeg, according to the experimental data m Huang et al. [9] and Lina ot al. [18] (see
Table 1}. The modulus of elasticity and the Poisson's ratio for the steel were 208000 MPa and 0.3,
respectrrely.

Modelling af concrare

The concrete damage plastcity (CDP) model provided m ABAQUS was used to define the
material behaviour of the conerete in CFET chords. By using the plasticity model available m
ABAQUS, it was possible fo consider concrete cracking im tension as well as crushing
compression. Formulations defiming the behatiour of concrate under mulfi-axial siress state meluds
the viald criterion, the flow rule and the hardenmgsoftening ruls that defines the non-lmear
behaviour of concrete. The above formulations depend by the plasticity parameters, that are the
dilation angle (@) that defines the plastic flow potential, the ratio betwreen the compressive strangth
under biaxial loadmg and uni-axial compressive strength (/7). the flow potential eccentmicity (2).
the viscosity parameter () and the ratio (X)) between the second stress invanant on the fensile
mernidian and that on the compressive mendian for the yield function The umiaxial stress-strain
relation propossd by Han et al. [32] (Eq. 1) was adopted to simulate the behaviour of the conerete

under comprassion according to several other studies [19,21].

g (&7
2——| — ESE,
'F'..| i, "-‘...

o lg)=F. & 1

g M

where, ge) 15 the cwrrent compressive stress £1s the current strain, £ 15 the stramn at peak strength

and f 15 a parameter that depends on the confinement mechanical ratio £, to be determined as

follows (Eqs. 2~3):

13
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£ ={1300+12.5F, )x10° )]
A={236x107 )" g 0202 )
-‘:=%fi (3)

Please refer to the orngmal treatment of Han et al. [32] for additional details of the formulas
employed. Fig. 3 (3) and (k) shows the umiaxial constitufive strass-stram laws for the conerete
related to the two experimental data considered 1m thas study [9, 18], It has to be stated that,
although 1t 15 well known that generally confinement effects for concrete fillad stesl fube columns
subjected mainly to axial compression leads (for compression stresses higher than 30% of £,
confinement effects as well as stress-path dependency play significant rele in the strength and
ductility enhancement of such cobomns [33-38]; for the specimens considered m the frame of ths
study, the concrete mside the steal chord of the E-jomt, there 1z no high level of compression strass
5o the confinement effacts are not predominant in the zlobal response of the K-joints. This can be
simple lughlighted by evaluating the compressive siress i the concrete of the chord m the first
stage of loading of the axperimental test, which 15 the loading of the steel chord. For the specimens
by Huang et al. [9], the preload of 4300 kN on specumens CFS5T-6, CFST-8 and CFST-10 (thas
applias also for specimens with studs named “57) causes a compressive stress level m the concrete
of around 18 MPa in view of a umaxial eylindrical compressive strength of 37 MPa; while for the
specimens by Lin et al. [18], the compressie stress level in the concrete results around 12 MPa, in
w1ew of a umaxial cylmdneal comprassive strength of 39 MPa, resulting therefore in both cases

lovwrer that the 30% of .

14
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Fiz. 8. Uni-axial compressive stress-strain lavw for the concrete: (a) Huang ot al. [9] and (b) Liu ot al.

[18]

Based on the above considerations, and since 1f was noticed by the numerical simulations that
the concrete did not reach high stresses levels, the definition of the plasticity parameters was set by
the usually default ralues (see Tabla 3).

Table 3

Plasticity parameters used for the concrete in CDP model

g Fool oo £ K T

33 1.16 0.1 0.667 0.0001

Eegarding the behavior m tension of the concrete, accordmng to Tao of al. [39] a linear umiaxial
tensile siress up to the reaching of the tensile strength (assumed 10%% of ) 15 defined followed by
the softening response, defined bv means of fracture enerzyv Gp(Eq. 6), depending on £y and the

MaxIum COarse aggregate size d,; (assumed 20 mum 1f no specifiad)

G, =(0.0469-4°-05-d,+26)(0.1f,)  [N/m] (8}
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4. Finite element modelling results

4,1 CHS and CF5T specimen failure calibration

The stiffness distibution in combmation with the matenial behavior determined the failure
mode for the K-joints. The lowest failure load for all these farlure modes gave the governmg
strength. It was observed also by experimental results, that the failure for CHS specimens by Huang
et al. [9] was 1dentified by chord failure, whila for CF5T, the fallure was identified by punching
shear.

These failure mechanisms are associated with a plastic stramn failure lower than the mipture
sitain of the steel matenial itself To reproduce the physical failure, detailed modelling of the
weldmg toe and failure conditions should be aceurately defined. This requires high computational
effort by emploving, 12, VUMAT for the modification of the fracture criterza [40], ziven that a
number of plastcity paramsters need to be calibrated regardless the FEM approach adopted. In
wiew of defining a simplifisd and reliable modelling approach, a conventional failure was assumed
depending only by the maxmmum steel plastic strain of the chord in the joint region. This approach
allows the control of a single paramster for the calibratton of the failure condifions based on
experimental results and can be considersd reliabla, as will be shovwn heremafter.

To define the values that identify the failure, a parametnic analysis was performed on CHE-3
and CFS5T-E specimens. In detail, maxmmum plastic steel stramm m the chord in the joint region was
varied until matchmg the sxperimental failure load. Im other words, the sxperimental test for the
KE-jomts was reproduced bw FE analysis without considermg failure condifions in the FE medsl,
mplementing the nominal stesl constitutive mechanical law (vielding stram of 0.00135 for a yieldmg
stress of 311 MPa and rupture strain of 0.33 for a mupture stress of 423 MPa) In doing so, the
failure by punching shear, observed in comrespondence of the connection between the stesl chord
and the brace in tension, cannot be reproduced because 1t 1s attamed for nonunal strain lower than

rupturs strain. By observmg the valuss of the plastic strams m the jomt region of the chord when the

16
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load for the brace in tension in the specimens was equal (o1 near) the experimental one, thas value
was usad as limt for the steel material, miplementing in the constitutise law a stress drop (therefors
as predictive analysis) and finding the faillure load based on the assignment of the plastic strain limat
above discussed. In this way, also the load recorded in the FE model did not merease because of the
siTess drop in the constitutive law.

To give an sxample, it 15 shown in Fiz. 9(a) that the sxpenmental failure load for CHS-2
specimen 15 reached for values of plastic stramms around 0025 nstead of the value of rupture strain
of the steel material. If this value 15 assigned to the constitutive law of the steel as a maximum steal
sirain, defiming after this value a stress drop m the umiamal stress-strainm law, the analysis can be
performed as predictive to find the maximum load for the brace n tension. At the same wayw,
referring to the specimen CF3T-8, Fig. 9(a) shows that the experimental failure load for CHE-3
specimen 15 reached for values of plastic strams around 0033 mstead of the valus of rupture strain
of the stee]l material. Also m this case, this value can be used to define a limuft stram followed by a
siress drop in the umaxial stress stram law and performung the analysis to obtam the faithure load.

In order to aveld the influsnce of the mesh size and obtamm an optimal balance between
accuracy in the reproduction of the results and time computational effort, several semsitinity
analvses were performed to fmd the optimal dimensions of the meshes to be used 1o the modal.

The load vs maximum steel strain m the chord and the load +s brace displacement are shomn in
Figs. Ma) and (b}, respectrely. The results mdicate that the stiffness of the experimental response
was well reproduced by the FEM modsl both for the behasior in temsion and m compression.
Mloraover, the farlare for the jomt m the tension zone was well reproduced both 1 terms of ultmate
displacement and correspondimg strength. It has fo be stated that the recording of the displacement
m the numerical model correspended to the pomt of application of the displacement. Cn this frame,
since the mumencal simulaton were performed displacement controlled, the response of the brace

m compression was obtained for the same levels of displacements of the brace in tension, resulting
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higher than the sxperimental results, carried out by force-controlled load path and therefore equal

for both braces in compression and m tension

2000 2500
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Max plastic sirain in the chard Shorbening (mm) 1 Elangation [rmm)

Fiz. 2. (a) Calibration of failure conditions; (b) experimental - numerical companseons for CHS-3

and CFST-3 E-jomts specimens

4.2 FEM of CF5T-B and CF5T-5 specimens: actual and equivalent FE models

As previously discussed, the CFST E-jomts can be further stiffened bv the addition of studs
welded to the imferior surface of the chord in the jomt region. Through the additon of studs, the
chord section 15 better constrained by the mnfilled concrete and its deformation 15 therafore reduced.
Therefora, the studs are able to further reduce peaks and non-uniformity of the strain distribution at
the joint location 1n the chord and the brace members of CFST specimens with studs compared to
those m CFST specimens without studs. This results in a better performance of the overall jomnt,
exploiting the entire capacity of the members over the yielding stress conditions.

The FEM of such composite E-jomts with studs i1s obviously expensme m terms of
computational effort, by requirmg high number of slements for the discretization of the studs and
the holes in the concrete fillmg having the shape of the studs. In this frame, the following modelling

procedurs was proposed for the FEM of the actual and squr-alent FE meods] composite E-jomts:
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- Acrtunal FE model for CF3T-5 specimens: modelling of the K-joint with studs, stesl
hardening and friction coefficient along the contact surfaces. In domng so, a shice FE model was bult
to reduce the number of alements meshing and time computational effort.

- Equivalent FE model for CF3T-5 specimens: complete modelling of the K-joint, without
mcluding studs. The presence of the studs and the addmg stffness provided by them was supphed
by employing cohesive interaction properties in the contact surfaces.

To shew the importance and the usefulness of the above strategy, for example, m the frame of
this study, the discretization of the CF5T-3 specimen (dimensions of members reported i Table 1)
required an optimal number of around 20600 quadratic tetrahedral elements of type CID10 for the
KE-jomt, including steel chord and steel braces, and 3100 linear hexahedral elements of type CIDER,
to a total number of around 253700 elements. I the case of the actual model, despite a slice
modelling of around 1/3 of the total geometry, ralated to the joint region (see Figs. 6 and 7) the
optimal mumber required to model the steel parts (chord, braces, and studs) and the concrete part
were around 38900 and E3100 quadratic tetrahedral elements of type C3ID10, respectively, to a total
number of around 122000 elements. If, for example, a complete FE model should be buwlt for
CF5T-E 5 specimen, around 114245 and 739020 quadratic tefrahedral elements of type C3D10 are
required to model the steel parts and the concrete part respectively, to a fotal mumber of around
333265 elements. It 15 mmediately evident that, by adoptmg the proposed modelling approach, the
modelling of the CFET-5 E-qoint with studs can be done by keeping the same number of elements
used for the CFST E-omt, without the need to model studs, using only the 3% of sleaments
compared to the actual mods]l with a consequent lagh optimization of the time computational effort.

The results of the stress and the strain fields for the actual FE model of CFST-E 5 specunen at
failure conditions are shown m Figs. 1a) and (b)), respectii-ely. It can be noted that, according to
the expenimental results by Huang et al. [9], the concentration of the strains (and consequently the

mereasing of the steel stress) was observed along the jomt region of the weld toe of the brace in
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tension. It has to be observed moreover that, for higher displacement levels, the brace n
compression exhibited bulge and local bucking. This can be also recogmized m Fig. 3, where the
failure patterns observed from experimental tests are shown for the specimens with and without

studs as for Table 2, which summarizes the failure mechamism for each specimen.

(a) (&)
Fig. 10. {a) 5tress and (b) strain fields for CF3T-8 5 specimen

The posifive role of the steel studs can be observed also 1 Figs. 11 (a) and (b) for the FE
maodels for CFST-8 and CF3T-E 5 specimens, respectively, in wihich the comparisons of the
distribution of the stress field mdicate that the studs were able to increase the stiffness m the joint
region with the brace m tension, holdmg back the steel chord to the conerete filling by explotting
the reaction of the steel studs.

By focusing the attention to the behavior in tension, the load +s displacement results of the FE
simulation are shovwn m Fig. 12 and compared with the comresponding experimental specimens. As
show mm Fig. 12, the modsl resulted to be efficient and reliable m the prediction of the stiffness and
the load bearing capacity of the K-jomt specmmen CFS5T-3 5 with studs. However, the
computational effort resulted very high due to the high number of fimfe elements used for the

meshing and consequently the computational fime.
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Fig. 11. Siress fields for (a) CFST-B specimien and (b) CF5T-3 5 specimen
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Fig. 12. Companisons between actual FE mods] prediction and expermmental results

In the frame of the simplified modelling of the CF3T-% specimens, simulations were
performed by emploving cohesive mteractions mefthods im the contact surfaces available n
ABAQUS software package. Surface-to-surface contact [surface contact-based cohesiie method)
mteraction was defined for the inner surface of the steel chord and the outer surface of the concrate,
having cohesre behavior by “fraction-separation behavior” defimed only at the slashic stage (no
failure) b specifymg contact stiffness coefficients available in the cohesive properties for any slave
node experiencing contact. Small sliding solving method was used, defming the stiffness
parameters &, K, and K, respectively, for the normal and tangential stiffness between the mner

surfaces of steel chord and the outer surface of conerete fillimg. The additional stiffness obtamed by
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the presence of the studs in the actual models was therefore supplied by assigning additional
stiffness to the mterface by the cohesive stiffness coefficiants.

A sensifivify analysis was performed to investigate on the mfluence of the stiffness coefficients
m the overall response of the CF3T-5 Eqoints by varyving the values from small to high stiffness.
The results are shown m Fig. 13, The aim was to find best Aitting for the assumpton of the optimal
valuss for the cohesrre mteraction stiffness coefficients m the squiralent model In detail, the
analvses with cohesive coefficients were labeled with oppp o g, and trial values of 2-2-2, 3-3-3,
5-5-5 and 10-10-10 were assigned. In addifion, to define upper and lower bound, analyses were
performed also m the cases of perfect contact between the surfaces, defined by “He-inferaction
properties” and in the case of no frction mor cohesive properfias, by definmg “friction inferaction”
betwreen the contact surfaces. The best fittmg was found for case analysis ¢3¢ and adopted m the
subsequent analvses for the other K-joint specimens.

The trial analyses highlighted that the value assumed for the contact stiffness coefficients can
be related to the dansity of the studs, that 15 the mumber and the geometnical arrangement of them in
the mner surface of the steel chord. It has to be stated that the adoptad values are therefore suitabls
for the ammangement used to build up the specimens analyvzed mn this study, and, for other densities of
the studs, the optimal valuss for the contact stffness coefficients need fo be re-calibrated. Thas
aspect can be focused by performung parametrie analysis by varving geometrical and mechanical
properties of the CF5T K-joint specimens as well as different densities of the studs and finding
empirical relationships that link the values to be used for the contact stiffness coefficient to the

density of the studs, and 1t can be object of mrestgation for future studies.



436

437

438

439

441

443

445

447

450

451

452

453

2000 —

g - Tia-interacs

c 16004/ pammmmm T

8 4 = Frictionkass

i 1200 -

c -

mw

m 5007

£ _

' & o Exp-cfsi B 5 FEMc.

E 400 o-—8-—8 Exp-clst8 _.._....... FEM G_.:-:

i FEM &5, FEM Cyram
o — 1 T T T T T T T 1

0 4 B 8 1
Elongation (mm)

Fig 13 Compansons between squialent FE mode] prediction and expermmental results

4.3 Comparisons between equivalent FE model prediction and experimental results

The results of the aborve-described procedure for the definmtion of the FEM strategy and ths
assumption of the optimal parameters to reproduce the stiffness and the strength capacity of CFST
and CFET 3 specimens were used for the compansons with other axperimental results. In detail, the
parameters used for the calibration of CF3T-3 and CF3T-8 5 specimens were adopted as predictie
approach in the FE models for the other specimens by Huang et al. [9] and Liu et al [1E].

Comparisons between FE prediction and expenimental results in ferms of strength are shown in
Fig. 14, where it 15 possible to denote that the difference 15 the results were alwavs below the 10%.
Some difference slightly over the 10% was related to the prediction of the behavior for the brace in
compression, for the reasons related to the mumernical simulations displacement-controlled discussed
m the previous sections.

The load vs displacement response between FE prediction and experimental results are shown
m Figs. 15(a)-(d) for the specimens bv Huang ot al. [9] and Liuw et al. [18], respectively. Onrarall, the
FE modal resulted reliable in the reproduction of the strength for all the specimens. Small

differences m the shffness were ohserved i some cases, where the FE mode] resulted to have
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slightly higher stiffness. These differences can be related to experimental uncertainties (this can be

stated because of the descnption of the consistency of the FE results above discussed).
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Fig. 15 Comparisons betwreen equivalent FE model prediction and experimental results: (a), (b) and

(2} specimens by Huang et al. [9]; (d) specimens by Liu et al. [18].
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The consistency of the FE results in the reproduction of the overall behavior of the K-joint was
confirmed by the compansons of the numernical curves relatad fo the braces in tension, shown 1o Fig
16, Given that the geometry of the steel chord was kept the same for all the specimens, an important
parameter to be assumed as mdicator of the performances of the E-joints can be the thickness to
diamater ratio {f,) of ths braces, which dstermmines the strength and stiffness of the
load-displacement response. It can be noted that the CFST-6 specimen (#d = 0.274) exhibited
ultimate load near to the yieldmg point of the steel brace in tension. The presence of the studs
mfluenced shghtly the strength: i detail, 1192 kN and 1325 kN were ulttmate loads for the CFST-6
and CEST-6 3, respectively, corresponding to inecreasing of around 11%%. On the other hand, the
studs improved considerably the ductility of the Kqomt. For the CF5T-E and CF5T-8 5 specimens
(t'd = 0.363), the sirength miprovement was more efficient, because the ultimate loads were 1448
EM and 1739 kM, respectively, with a strength inereasing of around 20%:. Fmally, for the specimens
CEFST-10 and CFET-10 5 {#'d = 0.438) resulted again higher than the other cases. In defail, the
ultrmate loads were 1662 kN and 2222 kN, respectively, with a strength mncreasing of around 33%.
Theze differences, as discussed in the previous section, were related to the fact that all the
specimens with studs reached at least the vielding conditions for the brace in tension. The yieldmg
load was not reached for the specimens without studs, were the fallure (1dentified by punching shear)
15 reached after the vielding of the brace. All the above considerations can be used as basis to

further highlight the pesifive role of the concrete filling coupled with the steel studs.
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Fiz. 16 Simplified equivalent FE model results of specimens by Huang et al. [9].

Conclusions

In this paper, a strategy for the FEM was presented for the reproduction of the stiffness and the
strength capacity of CFST E-jomts with and without steel studs welded in the mner surface of the
chord m the joint region. The aim of the study was also to provide a stimplified FEM approach to
overcome the high tme-computational costs required by the actual complex FE models keeping the
same accuracy. Based on the results gained m the frame of the paper, the following conclision can
ke summarnized:

{1} The modelling 1ssues related to the optimal assumptions and parameters to be used for a
reliable modelling of such composite joints were discussed throughout the paper for each case of
analvsis. The FE modeling recommendation for CFST E-jomnts are then listed below:

-  Modelling of stesl chord and steel braces including 1) hardening effects, 1) geometrical
non-lineanties for the members;

-  Modelling of the concrate mcludmg non-lmsar behavior if the level of concrete strasses ars
higher than 30% of the concrete strangth;

- Modelling of the contact surfaces between steel and concrete by assuming hard contact in

the normal direction and Coulomb-friction law with a fmeton coefficient of 0.5 1n the tangenfial
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direction.

(2} For the CFS5T E-jomts with stods, it was found that it 15 possible to emplov
cohesive-interaction properties by using the confact stiffness coefficients for the normal and the
tangential directions to reproduce the contribution provided by the studs in the overall response of
the joint. The values of the stiffness coefficients can be relatad to the density of the studs used to
sirengthen the mner surface of the chord in the joint region. In doing so, time-computational costs
resulted to be extremely reduced.

(3} The modelling stratezv presented, calibrated and +alidated agamst expenmental results
available i the state of the art, can be used for successive studies as predictive approach to
caleulate, by FE medals, the stiffness and the strength capacity of such composite E-joints,

covering a wide range of geometrical and mechamical properties.
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