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This paper provided an overview on the developments of the steel-elastic concrete composite (SECC) structures.
16 push-out tests and six beam tests were reported to demonstrate the ultimate strength behaviour of the SECC
structure from the component level to the structure level. Three-dimensional finite element models (FEMs) have
been developed to simulate the ultimate strength behaviour of the SECC structures. The developed FEMs consid-
ered the nonlinear mechanical properties of the elastic concrete and steels in the structure, geometric nonlinear-
ities, and complex interactions among the headed studs, I-beam, and concrete slabs. Extensive validations of the
numerical analyses against the reported 16 push-out tests and six beam tests proved that the developed FEMs
offered reasonable simulations on the ultimate strength behaviour of the SECC structure from component level
to the structural level in terms of ultimate resistances, load-slip (or deflection) behaviours, and failure modes.
A subsequent parametric study was carried out to investigate the influences of the rubber content in the elastic
concrete and strength of the [-beam on the ultimate strength behaviour of the SECC beams. Finally, step-by-step
FE analysis procedures on the SECC structures were recommended based on these numerical studies and

Keywords:

Steel-concrete composite structure
Finite element analysis

Push-out test

Numerical analysis

Steel-concrete composite beam
Three-dimensional analysis

validations.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Elastic concrete, i.e., concrete with addition of tire rubber, exhibits
improvements on its crack and fatigue resistance. The added rubber
particles in elastic concrete were usually recycled from the crushed
waste rubber (e.g., automobile tires) that could reduce the environmen-
tal pollution, result in green constructions, and reduce carbon dioxide
emission. The elastic concrete was initially developed for the road pave-
ment in 1990s [1]. Pilot research by Eldin and Senouci [2] showed that
the concrete with tire chips and crumb rubber exhibited lower strength
but more ductile behaviour under compression than that of concrete
without rubber. Continued works by Topcu and Toutanji [3,4] also
proved that the elastic concrete with tire rubber improved its toughness
[3,4]. Further tests [5,6] also showed that elastic concrete with crushed
rubbers exhibited reductions in the flexural tensile strength, but in-
creased its fracture strain. The three-point bending tests under fatigue
loading by Feng et al. [7] proved that the fatigue resistance of the elastic

Abbreviations: CDM, continuum damage model; CDP, concrete damage plasticity;
COV, coefficient of variation; FE, finite element; FEA, finite element analysis; FEM, finite
element model; HSS, headed shear stud connector; SECC, steel-elastic concrete
composite structure.
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concrete was significantly improved. Including the improved fracture
toughness, deformability and fatigue resistance, the elastic concrete
also exhibits advantages of superior acoustical behaviours, aging and
wearing resistance over conventional normal weight concrete. This
type of relative new material has been extensively used as the pave-
ments for roads and bridges, parking lots, and sport court. More recent-
ly, it has been used in the steel-concrete composite structures, i.e., steel-
elastic concrete composite (SECC) structures.

SECC structure typically consists of a concrete slab connected to the
underneath I-beams through the cohesive materials (e.g., epoxy) or
headed shear studs. This type of structure combines the advantages of
concrete compression and steel tension, and has been widely used in
the residential and commercial buildings, bridges, and multi-story fac-
tories. In steel-concrete composite structures, the strengths of the con-
crete and shear connectors are important to the ultimate load carrying
capacity of the structure. Kim et al. [8] experimentally studied the influ-
ence of the degree of the composite action on the ultimate loading car-
rying capacity of the steel-concrete composite beam, and found that this
influence was quite limited. Experiments carried out by Nie et al. [9] also
showed that partial composite steel-concrete composite beams could
also be used in the continuous steel-composite beams if proper mea-
sures were taken. More recently, the steel-concrete composite beam
with elastic concrete has been developed for engineering constructions
[10-13]. Preliminary experimental studies showed that using the elastic
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Nomenclature

D, D; compressive and tensile damage ratios of concrete,
respectively

Eo initial elastic modulus of concrete

E elastic modulus of the steel

H height of the I-beam in the SECC composite beam

Ke experimental elastic stiffness in the load-central deflec-

tion curves of the SECC beam

Ke e numerical elastic stiffness in the load-central deflection
curves of the SECC beam

P resistance of the SECC composite beam

Py e ultimate resistance of SECC structure predicted by the
finite element analysis

Pyt experimental ultimate resistance of SECC structure

51,2 spacing of the connectors in mid-span and side span as
shown in Fig. 3

T thickness of the concrete slab as shown in Fig. 3

w width of the I-beam as shown in Fig. 3

a with of the flange of the concrete slab as shown in Fig. 3

fe compressive stress at the softening region in the stress-
strain curve

fex compressive stress at the softening region in the stress-
strain curve

fy fur yield and ultimate strength of the reinforcement in the
concrete slab

fou fur yield and ultimate strength of the I-beam

ns quantity of the headed studs in half span of the SECC
beams

of central deflection of the steel-elastic concrete compos-
ite beam

& compressive strain of the concrete

Eck compressive strain of the concrete corresponding to f

g & inelastic compressive or tensile strain of the concrete

g" g™ inelastic compressive and tensile strain against the maxi-
mum strain in the stress-strain curves

&2 &' true compressive or tensile plastic strain of the concrete

P rubber content by volume of the elastic concrete

O, O¢ uniaxial tensile compressive or tensile stress of concrete

Oy, 0y yield and ultimate strength of the headed studs

A interfacial slip between the I-beam and concrete slab in
the push-out test

v Poisson's ratio

concrete improved the fatigue resistance of the steel-concrete compos-
ite beams, which becomes more essential to the bridges with steel-con-
crete composite decks.

Since the SECC structures have been developed for civil construc-
tions, their structural behaviours need to be well understood. Push-
out tests were widely carried out to obtain the shear-slip behaviour of
the headed shear studs in steel-concrete composite structures. Exten-
sive experimental works on shear strength behaviour of the headed
studs in different normal and lightweight concrete have been reported
by Viest et al. [14], Ollgaard et al. [15], Lam et al. [16], and Tahir et al.
[17]. Yan et al. [18] have reported 102 push-out tests on specimens
with J-hook types of connectors. Xie et al. [19] reported 24 push-out
tests on laser welded bar connectors used in the Bi-steel type of steel-
concrete composite structure. However, these experimental studies
focused on the shear strength behaviour of the connectors mainly em-
bedded in normal- or light-weight concrete. The information on the
shear strength of stud connectors in elastic concrete is still quite limited.
In addition, specifications on shear strength of the headed studs in most
of the design codes, e.g., Eurocode 4 and ANSI/AISC, are empirical that

were developed through regression analysis on the push-out tests.
Thus, the design recommendations in Eurocode 4 and ANSI/AISC need
to be checked on the predictions on shear resistance of connectors in
steel-elastic concrete composite structure. From this point of view, the
push-out tests on headed studs embedded in elastic concrete are still re-
quired and of importance to the development of design equations on
the strength of the SECC structures.

The full scale tests on strength behaviour of the headed studs and
beams tend to be costing and could not offer the thorough understand-
ing on the structural behaviour of the SECC structures. Finite element
(FE) simulation usually offers the alternative to analyse the structural
behaviours of the steel-concrete composite structures. FE models that
detailed simulate the connectors in push-out tests have been reported
by Nguyen et al. [20], Pavlovit et al. [21], Lam and Ellobody [22],
Guezouli et al. [23], and Yan et al. [24]. However, it was found that the
detailed simulation on the headed stud connectors as well as on the
concrete surrounding the connectors would lead to a large quantity of
element in FE modelling (FEM). Therefore, simplifications of the headed
stud in the steel-concrete composite structures become popular in the
last two decades. Spring element or cohesive material was used in the
FEM instead of connectors through assigning experimental shear-slip
behaviours to the spring or cohesive materials [24-27]. Zhao and Li
[25] developed a 3D FE model for the steel-concrete composite beam
by simplifying the shear connectors with cohesive material. Song et al.
[26] used spring element to simulate the headed studs used in the
steel-concrete composite structures under fire hazard. Though this sim-
plified method could efficiently improve the computing efficiency, the
spring element used in the FEM just adopted the shear-slip behaviour
of the stud from the push-out tests. However, previous studies showed
that the shear and tensile resistance of the stud connector would com-
pensate each other, and this shear-tension interaction strength of the
headed stud connectors could not be precisely simulated that would
compromise the accuracy of the FE simulation [27]. Thus, it is necessary
to develop a FEM with detailed simulation of the headed stud connec-
tors for the steel-concrete composite structure, especially for SECC
beams.

This paper aimed to develop the three-dimensional nonlinear finite
element model (FEM) for SECC beams. Firstly, the paper briefly intro-
duced the developments of steel-elastic concrete composite beams.
The push-out tests and four-point bending tests on the SECC beams
[10-13] were then introduced that were used to experimentally study
the structural behaviour of SECC structure on the component level to
the structural level, respectively. Then, the FEMs were developed for
the push-out tests and SECC beams in four-point bending tests. The ac-
curacies of these developed FEMs were validated against these reported
push-out and beam tests. Parametric studies were also carried out to in-
vestigate the influences of the rubber content and steel strength of the I-
beam on ultimate strength behaviour of SECC beams. Finally, FE analysis
procedures for the SECC structures were recommended.

2. Experimental studies on the steel-elastic concrete composite
structure

Sixteen push-out tests and six quasi-static tests were carried out on
component specimens with headed studs and SECC beams, respectively.
Elastic concrete with different volume fraction of crumb rubber were
used in all the 24 specimens.

2.1. Materials

The elastic concrete used in this test program consists of ordinary
Portland cement (P.0. 42.5) [see Fig. 1(a)], water, granite coarse aggre-
gate [see Fig. 1(b)], fine aggregate [natural sand, see Fig. 1(c)], and rub-
ber particles as shown in Fig. 1(d). The crushed granite stone type of
coarse aggregate with particle diameter of 5- 25 mm was used in the
mixture. The maximum particle diameter and fineness modulus for
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Fig. 1. Raw materials in elastic concrete.

the natural sand type of fine aggregate used in the mixture were 5 mm
and 0.22, respectively. Different volume fractions of the crumb rubber
were used in the concrete to investigate their influences on the structur-
al behaviours of the steel-elastic concrete composite structure. The dif-
ferent volume fractions of crumb rubber used in the push-out tests were
0%, 5% (50 kg/m>), 10% (100 kg/m?), and 15% (150 kg/m?>) whilst only
two types of volume fractions, i.e., 0% and 10% (100 kg/m>) were used
in the beam tests. Table 1 lists the mixture proportions of all the con-
cretes involved in this test program. For each kind of concrete mixture,
three concrete cubes (150 x 150 x 150 mm®) and prisms
(100 x 100 x 300 mm?) were prepared together with the specimens
and cured in the standard environment. Following the testing methods
in GB/TB50081-2002 [28] and T0555-2005 [29], the mechanical propor-
tions of all the elastic concretes involved in this test program are listed
in Table 2.

Nelson studs, i.e., headed stud connectors, were used in the push-out
and beam tests. The @16 mm and @19 mm headed studs were used in
push-out tests, and @16 mm, @19 mm, and @22 mm headed studs
were used in the steel-elastic concrete composite beam specimens.
More details of the headed studs are shown in Fig. 1. The mechanical
properties of the studs were obtained from the tensile tests according
to ASTM A370-13 [30] as listed in Table 2 and depicted in Fig. 2.

2.2. Push-out tests [31]

Sixteen specimens for push-out tests were prepared, and they were
categorized into six groups with two or three identical specimens in

Table 1

Mix proportions of different elastic concretes (kg/m?>).
Type Rubber Water OPC CA FA SP ADVA181
EC-C30-0% 0 165 295 1087 839 2.17
EC-C30-5% 50 169 400 703 1004 2.39
EC-C30-10% 100 168 590 1230 412 6.52
EC-C30-15% 150 168 590 1230 412 7.39
EC-C40-5% 50 169 550 703 1004 5.65

EC-C30-0% denotes elastic concrete-Grade 30-0% volume fraction of rubber; OPC denotes
ordinary Portland cement; CA denotes granite type of coarse aggregate; FA denotes natu-
ral sand type of fine aggregate; SP denotes the superplasticizer.

each group [31]. The parameters studied in this test program were vol-
ume fraction of the fiber content, strength of the elastic concrete, and di-
ameter of the headed stud connectors. Fig. 2(a) shows the typical
specimen used for the push-out test that consists of I-beam, headed
stud connectors, reinforcement mesh, and concrete slab.
HW200 x 200 x 12 x 8 type of [-beam was chosen for each specimen,
and its yield and ultimate strength are 235 MPa and 400 MPa, respec-
tively. The concrete slab measures 460 mm, 400 mm, and 160 mm in
length, width, and depth, respectively. Grade 4.6 type of headed studs
was used in the push-out specimens with the yield and ultimate
strength of 240 MPa and 400 MPa, respectively. The geometric details
of the headed studs were listed in Table 2 and depicted in Fig. 2(b).
©10 mm reinforcement mesh with yield strength of 335 MPa was
used in the concrete slabs. Table 2 lists the details of all the specimens
for the push-out tests. The interfacial slip between the concrete slabs
and I-beam was measured by the linear varying displacement transduc-
ers (LVDTs) during each test. More details of these push-out tests were
reported by Han et al. [31].

2.3. Steel-elastic concrete composite beams under two-point loading

Six specimens in total namely B1-6 were prepared for the quasi-
static tests under two-point loading [11]. All the specimens were
4000 mm long and simply supported with a clear span of 3700 mm as
shown in Fig. 3. The distance between the two loading points was
700 mm. As shown in Fig. 3, the cross section of the six specimens
were 600 mm in width, but designed with varying depths for different
specimens. Two types of I-beams, ie., HW250 x 250 and
HW300 x 300, were used to fabricate the composite beams, and details
of these two types of sections are depicted in Fig. 3 and given in Table 3.
Stiffeners were installed on the I-beams at the locations underneath the
loading point and at the supports to enhance its local shear resistances
and prevent shear failure. The parameters studied in this test program
were volume fraction of the rubber, depth of the concrete slab, diameter
of the headed studs, and composite degree of the beam (i.e., spacing of
the headed stud connectors). Two different volume fractions of the rub-
ber (i.e., 0% and 10%) were used in the steel-elastic concrete composite
beams B1 (or B4) and B2 (or B5), respectively. B2 and B3 were designed
with the same geometry and materials but different spacing of headed
studs of 140 mm and 100 mm, respectively. Finally, B5 and B6 were de-
signed with the same composite action of the section but with headed
studs in different diameter. The mid-span deflection, end relative slip
between the concrete slab and I-beam, and uplifting of the concrete
slabs were measured by the linear varying displacement transducers
(LVDTs). Table 3 and Fig. 3 offer more details of these six specimens.

3. Finite element modelling
3.1. General

General commercial FE code ABAQUS was used for the FE modelling
of the push-out tests and beams tests on specimens with elastic con-
crete [32]. Considering the material and geometric nonlinearities in
the FE simulation, ABAQUS/Explicit type of solver was used in the FE
analysis to overcome the convergence problem.

3.2. Modelling of elastic concrete

Concrete damage plasticity (CDP) model in ABAQUS material library
[31] was chosen for the elastic concrete materials involved in this study.
According to the ABAQUS user manual [32], the CDP model adopts the
isotropic plasticity for both tension and compression with isotropic
damage to simulate the inelastic behaviours of concretes [32]. The
yield function proposed by Lee and Fenves [33] was used to describe
the evolution of strength of concrete under both compression and ten-
sion. The CDP model also followed the isotropic damage and non-
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Table 2
Material and geometric details and test results of the push-out tests.
Specimen P fex d x )’1z Reinforcement Fr fur fya fur Oy Oy Pyt Pure li.u;a
(%) (MPa) (mm?) Horizontal Vertical (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (kN) (kN)
P1 0 34.1 16 x 90 $10@95 »10@110 335 445 235 400 240 400 156 163.3 0.96
P2 0 341 16 x 91 $10@95 $10@110 335 445 235 400 240 400 158.7 163.3 0.97
P3 0 34.1 16 x 92 $10@95 $»10@110 335 445 235 400 240 400 163.3 163.3 1.00
P4 5 26.8 16 x 90 $10@95 »10@110 335 445 235 400 240 400 163.8 153.7 1.07
P5 5 26.8 16 x 90 $10@95 »10@110 335 445 235 400 240 400 153.5 153.7 1.00
P6 5 26.8 16 x 90 $10@95 »10@110 335 445 235 400 240 400 1534 153.7 1.00
P7 10 34.1 16 x 90 P$10@ 95 $»10@110 335 445 235 400 240 400 149.7 157.2 0.95
P8 10 34.1 16 x 90 P$10@ 95 »10@110 335 445 235 400 240 400 133.8 157.2 0.85
P9 10 341 16 x 90 P$10@ 95 »10@110 335 445 235 400 240 400 150.4 157.2 0.96
P10 15 294 16 x 90 $10@95 $»10@110 335 445 235 400 240 400 139.2 145.5 0.96
P11 15 294 16 x 90 $10@95 $10@110 335 445 235 400 240 400 1193 145.5 0.82
P12 5 37.8 16 x 90 $10@95 $10@110 335 445 235 400 240 400 159.5 147.2 1.08
P13 5 378 16 x 90 $10@95 $»10@110 335 445 235 400 240 400 156.5 1472 1.06
P14 5 26.8 19 x 110 $10@95 $10@110 335 445 235 400 240 400 220.0 204.4 1.08
P15 5 26.8 19 x 110 $10@95 $10@110 335 445 235 400 240 400 1933 204.4 0.95
P16 5 26.8 19 x 110 $10@95 »10@110 335 445 235 400 240 400 205.3 204.4 1.00
Mean 0.98
Stdev 0.07

p denotes volume fraction of the rubber in concrete; d x h denotes diameter by height of the stud connectors; f. denotes compressive strength of concrete; fyr, fr denote yield and ultimate
strength of reinforcement mesh, respectively; oy, 0y denote yield and ultimate strength of the headed studs, respectively; Py, Py e denote experimental and numerical ultimate shear re-

sistance of push-out test specimen.

associated potential flow rule as specified in ABAQUS [27]. In CDP
model, uniaxial tensile and compressive behaviours were described by
the plastic stress-strain curves and damage parameters. There are main-
ly two ways to define the compressive or tensile stress-strain curves of
the elastic concrete involved in this study. The first way could adopt the
experimental stress-strain curves, and the second way may adopt the
concrete model introduced by Carreira and Chu [34] as the following;

f o fckB(gC/gck)

- (M
B—1+ (ec/ea’]

B=(fa/324)+1.55 (2)

where, f. and &. denote the compressive stress and strain of the con-
crete, respectively; fq. denotes the characteristic uniaxial compressive
strength of the concrete; and &. denotes the strain corresponding to fcy.

Zhu et al. [35] have reported a series of tests on compressive and
flexural tensile stress-strain curves of the elastic concrete with different
volume fraction of the rubber as shown in Fig. 4(a) and (b). The com-
pressive stress-strain curves of the elastic concrete with different rubber
content were also reported by Han et al. [31] and Xing et al. [11] as
shown in Fig. 4(c) and (d). All these presented stress-strain curves as
shown Fig. 4(a)-(d) could be used as the input stress-strain curves in
CDP model. In ABAQUS material library, these obtained uniaxial tensile
and compressive engineering stress-strain curves need to be converted
to the stress versus inelastic strain curves as the input data [27]. The CDP
model also needs to specify the damage parameters to describe the
strain softening. The compressive or tensile damage parameters
D.(orD,) versus inelastic strain £"(ore™) curves can be defined as fol-
lows [27]

D, o

pl _ oln_ c c

Sc Sc (1 _Dc) EO (3)
D o

pl_ n__ t t

o= (1—Dy) Eg @

where, &' and &2’ denote true tensile or compressive plastic strain of the
concrete, respectively; £ and & denote inelastic tensile or compressive
strain of the concrete, respectively; D, and D, denote the compressive
and tensile damage ratio, respectively.

The D.(orD;) can be determined according to the proposed functions
by Wang et al. [36] as the follows

D. — Ace %/t 4 B, (5)
Dy = Ae %/t 4 B, (6)

Displacement controlled
loading

HW2003%200% 12x8mm
o I-Beam L

Reinforcement

Concrete slab mesh

(a) push-out test specimens

Unit: mm o 2000 200
2. I-Beam 0.
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IU'U{I_ i | \ !
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— | |~ slab J L 210
95 ] |
' e —
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0
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Elevation View 1 Elevation View 2
(b) Geometric details of the push-out test specimens

Fig. 2. Details of push-out test specimens.
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Fig. 3. Details and test setup of steel-elastic concrete composite beams.

where " and " refer to the inelastic compressive and tensile strain

against the maximum strain in the stress-strain curves, respectively; t.
and t; are a constant empirical values; A; = : B = A

1 .
—T/tc—1°
1 . — 1
e~ —1’ B = e~ 1/t —1°

The other plasticity parameters in the CDP model of the elastic con-
crete for flow potential eccentricity, the dilation angels, and ratio of the
biaxial/uniaxial compressive strength were 0.1, 23°, and 1.16,
respectively.

— 1 .
e 1te—1’

Table 3
Material and geometric details and test results of the steel-elastic concrete beams.

3.3. Modelling of steel I-beams, studs, and reinforcements

This paper adopted the nonlinear isotropic/kinematic hardening
model for the steel materials involved in the experimental studies.
This material model adopted the Mises yield surface to define the isotro-
pic yielding of the steel in ABAQUS material library. The typical Bi-linear
stress-strain curves for the I-beams and reinforcements were used to
define the input stress-strain curves in the material model. Tables 2
and 3 list the mechanical properties of the elastic modulus, Poisson's

Beam

Section type T W=H a b t P d S1 S2 Degree of composite action fe E.
(mm) (mm) (mm) (mm) (mm) (%) (mm) (mm) (mm) (MPa) (GPa)

CB1 HW250 x 250 130 250 175 14 9 0 16 175 140 0.5 443 33.7
CB2 HW250 x 250 130 250 175 14 9 10 16 175 140 0.5 42.5 28.7
CB3 HW250 x 250 130 250 175 14 9 10 16 175 100 0.68 42,5 28.7
CB4 HW300 x 300 160 300 150 19 12 0 19 175 140 0.5 443 33.7
CB5 HW300 x 300 160 300 150 19 12 10 19 175 140 0.5 42,5 28.7
CB6 HW300 x 300 160 300 150 19 12 10 22 350 200 0.5 42,5 28.7

fyr fur fy,I fu.] 0-y Oy Ke Pu Ke,FE Pu‘FE
Beam (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (KN/mm) (kN) Failure mode (KN/mm) Ke/Ke re (KN) Py/Py e
CB1 388 455 267 402 243 365 33.7 540 FM 37.8 0.89 525 1.03
CB2 388 455 267 402 243 365 309 534 FM 344 0.90 519 1.03
CB3 388 455 267 402 243 365 34.1 532 FM 36.1 0.94 524 1.02
CB4 388 455 267 402 243 365 108.8 1274 FM 106.3 1.02 1284 0.99
CB5 388 455 267 402 243 365 112.5 1305 FM 105.2 1.07 1276 1.02
CB6 388 455 267 402 243 365 98.3 1158 FM 88.1 1.12 1232 0.94
Mean 0.99 1.01
Stdev 0.09 0.03

T,W, H, a, b, t, 51,52 were as shown in Fig. 3; p denotes volume fraction of the rubber in concrete

; d denotes diameter of the stud connectors; f, E. denote compressive strength and elastic

modulus of concrete, respectively; fyr, fur denote yield and ultimate strength of reinforcement mesh, respectively; oy, o, denote yield and ultimate strength of the headed studs, respec-
tively; K, P, denote elastic stiffness and ultimate resistance of steel-elastic concrete beam, respectively; K g, Py, re denote elastic stiffness and ultimate resistance of steel-elastic concrete

beam predicted by the FEA, respectively.
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Zhu et al. [35]
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tests [31]
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(b) Flexural tensile stress-strain curves reported by
Zhu et al. [35]
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(d) Compressive stress-strain curves in steel-elastic

concrete composite beam tests [11]

Fig. 4. Experimental uniaxial stress-strain curves of the elastic concrete.

ratio, yield and ultimate strength of the I-beam, reinforcement and
headed studs that were obtained from the tensile tests on the steel cou-
pons. Fig. 5(a) shows the bi-linear stress-strain model used in the devel-
oped FEM, and Fig. 5(b) shows the representative experimental tensile
stress-strain curves.

3.4. Geometry, element types, and mesh size in finite element model

3.4.1. Finite element model for push-out tests

Fig. 6 plots the FEM for the push-out tests. Due to the symmetry of
the geometry and loading patterns of the push-out tests, only one fourth
of the full geometry was built in the FEM. Different components in the
push-out tests were modelled that included concrete slabs, reinforce-
ment mesh, I-Beam, and testing base. The headed studs in the FEM
were detailed simulated with the same geometry as those used in the
push-out tests, and concrete elements at the corresponding positions
in the slabs were removed. Three-dimensional eight-node continuum

) . .
g o s

(a) Stress-strain curves of I-beam and reinforcement

used in FE model

elements (C3D8R) with one integration point were used to model the
I-beams, concrete slabs, and headed studs. Two-node three-dimension-
al truss element-T3D2 was used for the reinforcements in the concrete
slab. The truss element shares the same node with the adjacent 3D con-
tinuum element. To improve the computing efficiency and accuracy,
varying mesh sizes technique was used in this FEM. The mesh sizes for
the I-beam were about 8 x 8 x 4 mm? in the web, and 8 x 8 x 6 mm>
in the flange. The mesh size for headed studs was about
4 x 4 x 4 mm>. The mesh sizes for the elements of the concrete slab
near and far away from the headed studs were about 8 x 8 x 4 mm®
and 8 x 8 x 8 mm?, respectively.

3.4.2. Finite element model for steel-elastic concrete composite beams

Fig. 7 plots the FEM for the steel-elastic concrete composite beams.
One fourth model was also built considering the symmetry of the geom-
etry and loading patterns. The main components including I-beam,
headed studs, concrete slabs, reinforcement mesh, loading plate, and

400

Stress (MPa)
(=] T
= =

g

0 0.05 0.1 0.15
Strain

(b) Stress-strain curves for the headed stud

Fig. 5. Stress-strain curves for steel materials involved in the FE model.
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*ux-displacement in x direction; rx-rotation in x direction.

Reinforcement == =

Concrete slab

Displacement
Symmetric , loading
surface
x=ry=rz=0

ux=uy=uz=0

Fig. 6. FE model for push-out test specimen on headed studs in elastic concrete.

support were built in the developed FEM as shown in Fig. 7(b)-(d). In
order to properly simulate the essential component (i.e., headed
studs) in the composite beams, detailed geometry of the headed studs
were built in the FEM. The holes in the concrete slabs for the headed
studs were reserved as shown in Fig. 7(e). C3D8R element was used
for the modelling of the I-beam, concrete slab, loading plate, support,

Concrete slab

Loading Plate

ux=uy=uz=0

ymmetric surface 2

ux=ry=rz=0
A
I-Beam X

(a) 3D view 7

Symmetric surface
uy=rx=rz=0

(d) I-beam, stud, and reinforcement mesh

Roller support

S
P
[

e

and headed studs whilst T3D2 was used for the reinforcements in the
concrete slab. Different mesh sizes were also used at different locations
in the FEM. The mesh size for headed studs were about 4 x 4 x 4 mm°.
The mesh sizes for the elements of the concrete slab near and far away
from the headed studs were about 8 x 8 x 4 mm° and 8 x 8 x 8 mm°,
respectively whilst the mesh sizes for the I-beam were about

Loading Plate

(b) x view back

(c) x view front

\
gt Y
~ Holes reserved for studs-.

(e) Concrete slab with holes

Fig. 7. FE model for steel-elastic concrete composite beam.
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8 x 8 x 5mm> and 8 x 8 x 8 mm? for the web and flange, respectively.
For the reinforcement, the mesh size is 8 mm.

3.5. Loadings and steel-concrete interactions

Downward displacement type of loadings was applied to the I-beam
for the push-out tests (see Fig. 6) and loading plate for the beam tests
(see Fig. 7), respectively. In the FEM for the push-out tests, symmetric
restraints were applied to two symmetric surfaces as illustrated in Fig.
6. Take the middle surface ZX plane as shown in Fig. 6 for example,
the symmetric restraint of uy = 0 (displacement in y direction equals
zero) and rx = rz = 0 (rotations along x and z directions equal zero)
were applied. For the FEM of steel-elastic concrete beams, there were
two symmetric surfaces, i.e., ZY plane and ZX plate at the mid-span, in
the FEM as shown in Fig. 7. Symmetric restraints were applied to
these two planes as shown in Fig. 7. The roller support was restrained
from any movement in three translational degrees of freedom.

Surface-to-surface contact was used to describe the interactions
among different components in the push-out tests and beam tests,
which include interactions between the headed studs and concrete, in-
teractions between the concrete slabs and I-beam, the concrete slab-
base plate interactions in push-out tests, support-I beam interaction
(beam tests), and interactions between the loading plate and concrete
slab. The master surface in the definition of the interacting pairs chose
the relative harder materials, e.g., I-beam, connectors, support whilst
the slave surface select the relative softer materials, e.g., the concrete.
The contact interacting algorithm allows the penetration of the master
surface into the slave surface, but not the vice versa. The normal and
tangential interaction behaviours between the master surface and
slave surface adopted the “hard contact” algorithm and “penalty fric-
tion” algorithm, respectively. In ABAQUS interaction library, the hard
contact algorithm permits the transfer of the contact pressure if the
two interacting surfaces touch and transfers zero pressure since they
are separated. The penalty friction algorithm could simulate different
degree of friction forces between the master and slave surfaces through

180 180

using different values of the friction coefficient. This paper adopted the
friction coefficients of 0.25 and 0.3 for the steel-concrete friction and
steel-steel friction, respectively.

4. Validations of the finite element model

The FE models developed in this paper were validated by the 16
push-out tests performed by Han et al. [31] and six beam tests carried
out by Xing et al. [11].

4.1. Validations of the FE model against push-out tests

Fig. 8(a)-(f) compares the load-slip curves of the 16 push-out tests
with those curves that were obtained from the FE analyses. These fig-
ures show that the FE model predicted well the load-slip curves of the
push-out tests in terms of stiffness, ultimate resistance, and ductility
of the headed stud connectors. However, these figures also show that
some differences still exist in the load-slip curves between the FE pre-
dictions and tests due to the variations of the strength of the elastic con-
cretes and steel materials.

Fig. 9(a) and (b) compares the FE predicted shank shear failure in
the headed studs with those experimental observations. It can be
found that the developed FE model could capture the shear failure of
the headed studs in the elastic concrete.

Table 2 compares all the FE predicted ultimate shear resistances
of the headed studs in elastic concrete with those experimental
values. The test-to-prediction ratio was used to evaluate the accura-
cy of the FE predictions. From Table 2, it can be found that the aver-
age test-to-prediction ratio for 16 push-out tests was 0.98 with a
standard deviation (Stdev) of 7%. The above validations confirmed
that the developed FE model could simulate well the ultimate
strength behaviour of the basic component of the steel-elastic con-
crete composite structures, i.e., the headed shear stud in elastic
concrete.
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Fig. 8. Comparisons of the load-slip curves for push-out tests between FE predictions and tests.
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S, Mises
(Avg: 75%)

Test FE
(a) Shank shear in the headed stud

LE, Max. Principal
{Avg: 75%)

Test FE
(b) shear failure surface

Fig. 9. Comparisons of shear failure in the connectors between FE simulation and tests.

4.2. Validations of the FE model against steel-elastic concrete composite
beam tests

Fig. 10 compares the FE predicted load-central deflection curves
with the experimental curves of the steel-elastic concrete composite
beams. It can be seen that the FE predicted load-central deflection
curves resemble well with the experimental results especially in terms
of elastic stiffness, ultimate resistance, and the plastic behaviours.
Table 3 also compares the FE predicted elastic stiffness of the load-cen-
tral deflection curves and ultimate resistances with those experimental
values. It can be found that the FE model averagely overestimates the
elastic stiffness of the steel-elastic composite beam by 1% with a stan-
dard deviation (Stdev) of 9% and averagely underestimates the ultimate
resistance by 1% with a Stdev of only 3% for the six specimens. These
comparisons implied that the developed FE model offered reasonable

estimations on the deforming behaviours and ultimate resistances
with slight errors of about 1%.

Fig. 11 compares the experimental load-end slip (relative slip be-
tween the concrete slab and I-beam at the end of the beam) behaviours
of the steel-elastic concrete composite beams with those FE predicted
curves. It can be observed that the FE predicted load versus end slip
curves resemble reasonably well with the measured curves during the
test even though there were slight differences. The differences between
the FE predicted and experimental load-end slip curves may be due to
the initial bonding between the I-beam and concrete slabs. However,
this bonding tends to be complex that depends on the imperfections
of the I-beam, concrete-steel bonding, and relative stiffness between
the steel and concrete, which is difficult to simulate.

Fig. 12 compares the experimental failure modes with the FE simu-
lations. It can be found that the developed FE model could predict well
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Fig. 10. Comparisons of the FE predicted load-central deflections with the experimental curves of the steel-elastic concrete beams.
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Fig. 11. Comparisons of load-end slip curves in beams between tests and FE simulation.

the local buckling in the flange of the I-beam and the cracks developed
in the concrete slabs.

These comparisons confirmed that the developed FEM could offer
exact simulations on the ultimate strength behaviour of the steel-elastic
concrete beams in terms of load-deflection curves, ultimate resistances,
relative slip behaviour between the concrete slabs and I-beam, and fail-
ure modes.

From the above validations of the FE model against push-out tests
and steel-elastic concrete composite beam tests, it can be found that
the developed FE model could offer reasonable simulation on the

Cracks in slaby
- = :

ultimate strength behaviour of steel-elastic concrete structure from
the basic component level (i.e., single connector) to the structural
level (i.e., steel-elastic concrete composite beams).

4.3. Parametric study

4.3.1. Descriptions of the cases in the parametric study

With the validated FE model, a parametric study was carried out. The
geometry and dimension of the specimens follows the details of the rep-
resentative beams CB1 and CB3 that were used for the validations of the

LE, Max. Principal (Abs)
Rel. radius = 1.0000, Angle = -90.0000
(.34

Cracks in slab

- -

(b) Deformations and buckling in the I-beam

Fig. 12. Comparisons of failure mode between FE simulations and tests in SECC beam.
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Table 4
Mix proportions of different elastic concretes (kg/m?).

Type Rubber OPC  Flyash Mineral Powder CA FA SP
(%) (kg)  (kg) (kg) (kg)  (kg) (kg)

EC1-0% 0 353 113 0 1301 434 0

EC2-5% 5 339 113 57 1155 385 5.1
EC3-8% 8 339 170 0 1095 365 55
EC4-10% 10 339 113 57 1051 350 5.1
EC5-12% 12 339 113 57 1011 337 5.1
EC5-15% 15 339 113 57 964 321 5.1

OPC denotes ordinary Portland cement; CA denotes granite type of coarse aggregate; FA
denote natural sand type of fine aggregate; SP denotes the superplasticizer.

FE model. The details of CB1 and CB3 are given in Table 3 and Fig. 3. The
parameters chosen in the FE parametric study are as the follows;

(a) Volume fraction of the fiber content p (%). Different volume frac-
tions of fiber content were chosen in the parametric study, i.e.,
p = 0%, 5%, 8%, 10%, 12%, and 15%. The concrete mix proportions
for these elastic concrete with different volume content of crumb
rubber are listed in Table 4.

Strength of the I-beam. Grade S275, S355, S460, and S690 steels
were selected for the I-beam to investigate the strengths of the
[-beam on the ultimate strength behaviour of the steel-elastic
concrete composite beam.

—~
=3
Nl

Table 5 lists the details of all the cases in this parametric study.

4.3.2. Effect of volume fractions of the rubber in the elastic concrete on ulti-
mate resistance

Fig. 13 depicts the load-central deflection curves of the FE analysis
cases of SECC beams with the volume fraction of the rubber p. It can
be seen that as the volume fraction of the rubber p increases from 0 to
15%, its influence on the ultimate resistance of the SECC composite
beams is quite limited. This observation was consistent with the exper-
imental observations reported by Han et al. [10]. Though the compres-
sive strength and elastic modulus of the elastic concrete decreased as
p increases, the ultimate resistance of the SECC beam was not weak-
ened. According to the specifications in Eurocode 4 [37] and ACI 318
[38], the shear resistance of the headed studs decreases with the de-
crease of the compressive strength and elastic modulus of the concrete.
However, these specifications in the design codes were derived from the
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Fig. 13. Effect of rubber content on ultimate strength behaviour of SECC beam.

regression analysis on the push-out tests and they still own limitations.
Fig. 4 shows that elastic concrete behaves differently from the typical
normal weight (or lightweight) concrete in terms of the compressive
and tensile stress-strain curves. Moreover, the push-out tests reported
by Han et al. [10] also showed that, for the push-out tests with 10% of
rubber, even though the strength and elastic modulus of the elastic con-
crete was decreased, the shear resistances of the connectors were only
decreased by 6% and the failure mode was still shank shear mode. This
might explain the limited influence of the rubber content of the elastic
concrete on the ultimate load carrying capacity of the SECC beams.

This observation further confirmed the advantage of the applications
of the elastic concrete in the steel-concrete composite structures, and
the ultimate load carrying capacity of the steel-concrete composite
beams were not compromised by introducing the elastic concrete
with different rubber content.

4.3.3. Effect of different strengths of the steel used for the I-beam

High strength steel becomes popular in the engineering construc-
tions with advantages of significantly improved yield strength but slight
increase in the costs. Fig. 14(a)-(c) shows the effect of different high
strength of steel [-beam on the ultimate load carrying capacities of the
SECC beams. It can be observed that the ultimate resistance of the
SECC beams was significantly increased by introducing high strength
steel in the SECC beams. As the yield strength of the steel in I-beam in-
creased from 275 MPa to 355 MPa, 460 MPa, and 690 MPa, the ultimate
resistances for SECC beams with 0%, 5%, and 10% rubber content were all
increased by 21%, 46%, and 94%, respectively. Meanwhile, these

Table 5
Details and results of different cases in FE parametric studies.
Specimen Prototype S1 P fe E. fy fu E o, Oy ng A Py
(mm) (%) (MPa) (GPa) (MPa) (MPa) (GPa) (MPa) (MPa) (kN)
PR1 CB1 140 0 355 30.2 275 430 205 360 505 16.5 0.51 480
PR2 CB1 140 5 358 20.7 275 430 205 360 505 16.5 0.43 491
PR3 CB1 140 8 33.1 18.8 275 430 205 360 505 16.5 0.39 481
PR4 CB1 140 10 30.6 15.1 275 430 205 360 505 16.5 0.35 495
PR5 CB1 140 12 28.2 9.98 275 430 205 360 505 16.5 0.30 482
PR6 CB1 140 15 21.0 5.72 275 430 205 360 505 16.5 0.26 469
PR7 CB3 100 0 355 30.2 275 430 205 360 505 125 0.39 495
PR3 CB3 100 5 358 20.7 275 430 205 360 505 125 0.32 501
PR9 CB3 100 8 331 18.8 275 430 205 360 505 125 0.30 502
PR10 CB3 100 10 30.6 15.1 275 430 205 360 505 125 0.26 509
PR11 CB3 100 12 28.2 9.98 275 430 205 360 505 125 0.22 496
PR12 CB3 100 15 21.0 5.72 275 430 205 360 505 125 0.20 481
PR13 CB1 140 0 355 30.2 355 490 210 360 505 16.5 0.46 581
PR14 CB1 140 0 35.5 30.2 460 560 210 360 505 16.5 0.46 702
PR15 CB1 140 0 355 30.2 690 725 210 360 505 16.5 0.46 931
PR16 CB1 140 5 358 20.7 355 490 210 360 505 16.5 0.38 594
PR17 CB1 140 5 358 20.7 460 560 210 360 505 16.5 0.38 718
PR18 CB1 140 5 358 20.7 690 725 210 360 505 16.5 0.38 954
PR19 CB1 140 10 30.6 15.1 355 490 210 360 505 16.5 0.35 603
PR20 CB1 140 10 30.6 15.1 460 560 210 360 505 16.5 0.35 724
PR21 CB1 140 10 30.6 15.1 690 725 210 360 505 16.5 0.35 964

fe Ec denote compressive strength and elastic modulus of concrete, respectively; A denotes composite action.
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Fig. 14. Effect of strength of the steel for [-beam on ultimate strength behaviour of SECC beam.

increments for SECC beam with 0% and 5% rubber content are about
22%,46%, and 95%, respectively. In addition, all the SECC beams with dif-
ferent strength steels failed in ductile flexure mode. These observations
implied that using the high strength steel maybe an economic and effec-
tive solution to increase the ultimate loading carrying capacity of the
SECC beams.

5. Recommended finite element analysis procedures for SECC
structures

Based on the developments of the FE modelling, extensive valida-
tions, and parametric studies, the recommended FE analysis procedures
were given for the SECC structures;

(a) Obtaining the basic mechanical properties of the elastic concrete
with different rubber content through compressive and tensile
tests on the elastic concrete cylinders or prisms.

(b) Modelling the I-beam with geometry and materials as used in the
tests.

(c) Modelling the headed studs with the specified spacing and ge-
ometry in the specimens.

(d) Modelling the concrete slabs with the same materials and reserv-
ing the holes for the headed studs used in the SECC beams.

(e) Modelling the reinforcement mesh used in the concrete slabs.

(f) Defining the interactions among different interacting pairs in the

SECC beam, e.g., interaction pair between I beam and concrete

slab, interaction between headed stud and concrete slab, interac-

tion between support and I-beam, and interaction between load-
ing platen and concrete slab.

Running the analysis and making sure the convergence of

solutions.

—

(g

6. Conclusions

This paper firstly summarized the experimental studies on the steel-
elastic concrete composite (SECC) structures. A finite element model
(FEM) for the SECC structure has been developed that offered detailed
simulation on the headed stud connectors and considered nonlinear-
ities of both steel and elastic concrete materials. The accuracy of the de-
veloped FEM was extensively checked by 16 push-out tests and six full
scale beam tests that all adopted elastic concrete in the concrete slabs.
With the validated FEM, a parametric study consisting of 21 cases was
carried out to investigate the influences of the rubber content in elastic
concrete and strength of the I-beam on the ultimate load carrying ca-
pacity of the SECC beams. Based on these numerical studies, the follow-
ing observations and conclusions are drawn;

(1) The validations of the FE analyses against 16 push-out tests
proved that the developed FEM offered reasonably accurate
simulations on the ultimate strength behaviours of the SECC
structures at the component level. The FEM averagely

underestimated the shear resistance of the headed studs in the
elastic concrete by 2% with COV of 7% for 16 push-out tests.

(2) Through validations against six tests on SECC beams, it was
proved that the developed FEM could accurately simulate the ul-
timate strength behaviour of the SECC structures at the structural
level in terms of load-deflection behaviours, ultimate resistances,
failure modes, and slip at steel-concrete interface. The average
and COV for the test-to-prediction ratios of the six tests were
1.01 and 0.03, respectively.

(3) The parametric study using the validated FEM showed that
adding 0- 15% rubber (by volume) to the elastic concrete did
not weaken the ultimate strength behaviour of the SECC beam
in terms of load-deflection behaviours and ultimate resistances.
This may prove the advantages of the SECC beams.

(4) The FE parametric study showed that increasing the yield
strength of the I-beam from 275 MPa to 355 MPa, 460 MPa,
and 690 MPa leads to the increments in the ultimate resistances
of the SECC beams of 22%, 46%, and 95%, respectively. Thus, intro-
ducing I-beams with high strength steel may be a quite economic
and effective way to improve the ultimate strength behaviour of
the SECC beams.

(5) Based on the FE modelling and validations, step-by-step FE anal-
ysis procedures were recommended for the nonlinear numerical
analysis on the SECC beams.
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