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Prefacio

O IX Congresso de Construgio Metilica e Mista coincide com o 16° aniversirio da emm,
Ao cabo destes 16 anos, a Associagdo estd prestes a atingir a “maioridade”, facto que permite
repensar assuntos com alguma maturidade e perspetivar novas . iniciativas. Uma primeira
iniciativa diz respeito a realizagio do 1° Congresso Luso-Brasileiro de Construgiio Metalica
Sustentavel, o qual ocorre em simultineo com o IX Congresso. A realizagfio conjunta destes
dois Congressos proporcionara a toda a comunidade um conhecimento mais aprofundado
sobre os trabalhos técnicos e cientificos de maior impacto que tenham ocorrido em Portugal e
no Brasil. Por outro lado, corresponde também ao culminar de uma proficua histéria de
cooperagio e colaboragfo entre investigadores e engenheiros dos dois paises. Espera-se que
este 1° Congresso Luso-Brasileiro seja bem sucedido e que proximas edig¢des, a repartir entre
o Brasil e Portugal, possam incrementar o sucesso da construgfio metilica e mista nos dois
paises. No contexto destes congressos, sublinha-se a realizagiio de sessdes plendrias por
individualidades nacionais e internacionais de relevo em vérias dreas tematicas (arquitetura,
produgiio de estruturas metdlicas, regulamentaciio, grandes projetos, sustentabilidade).
Finalmente, refere-se o langamento de mais um manual da emm dedicado a concegio e
construcdo de estruturas em “ago leve” (Light Steel Framing — LSF), o qual se espera vir a ser
util aos agentes neste tipo de solucdo estrutural.

Uma segunda iniciativa da emm, igualmente relevante, refere-se & realizagio da ISCE
2013 — International Steel Construction Exhibition, que decorre em paralelo com os
congressos, na EXPONOR, no dmbito da CONCRETA - Feira Internacional da Construgao
para uma Regeneragio Urbana Sustentivel. Em Portugal, é a primeira grande exposigdo
internacional dedicada exclusivamente ao setor da construcio metdlica e mista, e pretende
promover a construgio metélica e mista num contexto internacional, com foco na Peninsula
Ibérica, paises lusofonos e da Europa do sul, ndo descurando a sua perspetiva industrial,
produtiva, cientifica e técnica.

Por tltimo, releva-se a criagdo da marca Portugal Steel (http://portugalsteel.com) em
2013. O projeto Portugal Steel, encerra em si a ambigio de todo um setor empresarial cuja
importdncia para a economia nacional se tem mostrado vital, através da enorme dindmica das
empresas deste setor, e da sua forte componente de exportagio. Um dos objetivos do
Portugal Steel consiste em atrair a atengdio dos decisores piblicos e privados, quer locais,
quer nacionais, através do reconhecimento dos beneficios da construgdo metdlica e das
vantagens decorrentes de uma aposta estratégica neste setor. Tem sido realizado um conjunto
de eventos Portugal Steel em todo o territorio nacional bem como publicitado nos media as
vantagens da construgio metdlica, nomeadamente face ds novas exigéncias de
sustentabilidade e competitividade. Perante um cenario dramatico do setor da construgio
actual, tem-se realgado o papel do setor da construgiio metalica na recuperagiio econdmica e
social de Portugal, tendo como ponto de partida a dindmica de internacionalizacio que as
empresas deste setor tém vindo a demonstrar, a qual tem permitido a sobrevivéncia de grande
parte delas, assim como a manuten¢io dos postos de trabalho de milhares de Portugueses.
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BENDING RESISTANCE OF COMPOSITE STEEL TRUSS AND
CONCRETE BEAM
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Abstract: This study presents the numerical simulation of the bending resistance of CSTCB
in stage | (element made only by the self-supported steel truss and base plate). Two different
base plates were considered (Steel and Concrete) and two different types of steel trusses
(Type I and II). The numerical results are also compared with analytical results, assuming the
full interaction between steel truss and concrete, neglecting the tensile strength of concrete,
considering the effective area of concrete stressed up to the compressive resistance. The
design followed the general rules for steel and concrete structures [1-9].

1. Introduction

The prefabricated Composite Steel Truss and Concrete Beams CSTCB are increasingly used
in construction. This type of structural solution allows high speed of construction by reducing
the construction time on site and economic costs. Since its creation in 1967 by the engineer
Salvatore Leone until today, there are a multitude of CSTCB constructive solutions, which
differ in several structural aspects, such as cross-sectional, the geometry of the longitudinal
section, and the material of the base plate. They are used primarily in Italy, for certain
industrial and civil structures, and in particular in building structures.

These beams have the peculiarity of being self-supporting, beams that are capable of safely
supporting its own weight and additional loads (other beams or slabs) in its initial stage,
without any need for temporary shoring or supports. The aim is to avoid or minimize any type
of formwork during construction, eliminating the temporary supports, improving the mobility
of workers. The prefabricated composite steel truss and concrete beams CSTCB are made at
an early stage in the factory, made with a base plate of steel or concrete according to type and
a steel lattice, accompanied by reinforcement (steel rebars). Being the whole encased by
concrete to give its end appearance and functionality, see Fig. 1.
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Fig. 1: Example frefabricated CSTCB beam

(il The CSTCB are characterized by having in the execution process and operation, three
' different stages which can be identified as: Initial stage SO corresponding to the construction
phase of the prefabricated beam in the factory and transportation to local of implementation;
Stage S1 depicted in Fig. 2, is a transition stage in the beam life, without indirect supports for
bearing capacity (auxiliary beams, slabs), providing sufficient strength for subsequent
conereting loads; Stage S2 depicted in Fig. 3, considers the concrete encasement, providing
the final resistance of the beam, without additional longitudinal or transverse reinforcement,
except for the case to recover the continuity of CSTCB beams.

i iy :
Fig. 2: CSTCB in stage S1 Fig. 3: CSTCB in stage S2 I

The European standards [1,2,3] do not incorporate any specific section for the design of
these special composite beams. There is a recommendation document with some design guide
lines [4]. Therefore, there is a needed to develop formulas and recommendations to provide
technical assistance to design CSTCB. To this end, in recent years, there have been a large
number of experimental investigations and numerical simulations to determine in more detail
the mechanisms of resistance and behaviour of CSTCB [5-8].

2. Objectives

The main objective of this study is to present the numerical simulation of the flexural
behaviour of twelve CSTCB in stage S1, provided by the ANSYS simulation software [9].
For such work two different plates were considered (steel plate (5) and a concrete plate (C))
with two different types of steel trusses (type I and II). The numerical results are compared |
with analytical assessment, using the mechanisms of resistance for steel, concrete, and
composite, based on formulas of Eurocodes [1,2,3].
This analysis assumes a complete interaction between concrete and steel, neglecting the
tensile strength of the concrete, and taking into account the effective area of compressed
concrete. The design follows the general rules for steel and concrete structures.
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3. Material, geometry and loading
3.1 Material
Two different types of material were considered (steel and concrete). The concrete base plate
comprises a normal concrete C30/37. The mechanical properties of the concrete used are

presented in Table 1. The C25/30 is normally used to encase the truss in Stage S2.

Table 1: Mechanical properties of concrete [2]

Material  Een [GPa]  f[MPa]  fow [MPa] o
C25/30 31 25 2.6 0.2
C30/37 33 30 2.9 0.2

The steel used for the base plate is hot rolled 5235, while the reinforcing steel used in truss
consists in a cold formed S400A. The mechanical properties of the steels used are presented
below in Table 2.

Table 2: Mechanical properties of steel [2,3].
Material  E.[GPa] G [GPa] fy[MPa] Fy[MPa] &

S235 210 81 235 360 0.3
S400A 210 g1 400 420 03

3.2 Geometry

To investigate the influence of geometry and elements in CSTCB about the bending
resistance mechanisms, two types of sections are proposed, Type I and Type II, composed
with a single and double truss respectively. For each of these beams, two different types of
plates were also tested: steel plate (S) and concrete plate (C), see Figs.4, 5 and 6.

All beams present common characteristics see Fig.6, such as: the distance for supports, y =
50 mm; the longitudinal distance between the nodes of the truss, 26 = 328 mm; the angle
formed by the diagonal with respect to the base of the beam, « = 45 °; the angle of the steel
truss measured in the transversal plane, f = 90 ° and B = 77 °, for one or two trusses
respectively. The total beam height in Stage S2 is represented by ht,

Having defined the main parameters for transverse and longitudinal sections, the generic
cross sections are represented in Figs. 4, 5 and 6.
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Fig. 4: Geometrical parameters for the cross section with one truss.
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Fig. 5: Geometrical parameters for the cross section with two trusses
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Fig 6: Geometrical parameters for longitudinal section
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All tested beams are defined in Table 3, considering the total length of the beam (Lt), the
material of the base plate (S,C), the thickness of each plate (S1,5h), the type of steel truss (I,
IT), the number of the upper chord of rebars (nu), the diameter of upper rebar (du), the number
of trusses (ntr), the diameter of the truss (dtr), the number of the bottom chord of rebars (nl),
the diameter of bottom rebar (dl), the distance between the top surface of base plate and the

A2 12 3.052 S 6 11 3 20 2 12 4 12 0.164 0.2

top chord of rebars (hc) and width of plate (b). "
Table 3: Geometrical characteristics of each CSTCB
CSTCR i (503 fomd P ™ g ™ fom) " fom) ] o
. Al L1 1.74
| Al L2 3.052 S 6 I 2 25 1 12 2 12 0.164 0.2
i ALL3 4364
II : BI_LI 1.74
Bl L2 3.052 6 69 I 2 25 1 12 2 12 0.164 0.2
?1 Bl L3 4364 ,
'-‘ A2 L1 1.74
|

| A2 L3 4364

! B2 L1 174 .
I B212 3052 C 6 I 3 2 2 12 4 12 0164 02

| ’ B2 13 4364 |
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) 3.3 Loading conditions

The load is distributed along the cross-section at mid span of the beam as represented in Fig.
6. Lateral and vertical displacements were restrained at supports, while the axial displacement
was restrained at mid span.

The elastic stability of each CSTCB was verified using a unit load (elastic stability
analysis), while an incremental iterative solution was consider to determine the bending
resistance (nonlinear geometry and material analysis). The first modes of instability were
considered to define the initial imperfection of each beam.

NAWANVAWAW BT i1

Fig. 7: Loading conditions in CSTCB

4. Bending resistance on stage S1 — analytical method

The ultimate limit state must be verified for each of the bars in prefabricated CSTCB during
stage S|. Local and global stabilities may occur and plastic deformations may also be
developed during bending.

4.1 Buckling resistance of members

The buckling resistance should be verified, according to Eurocode EN1993-1-1 [1], using the
formula proposed by G. Quaranta [5].

7
M, =X:.r'—"m'ﬂ{"’fﬁ.s”’§} (1)
i

Where y,. represents the reduction coefficient for buckling, 7, represents the minimum
plastic moment of Egs. (2) and (3):

I/Vu =/Er .Ax ‘h (2)

W, =4, i (3)

where: 4, = n, w.d /4, represents the area of the top chord rebar, y, represents the reduction
| coefficient for buckling of the compressed top chord rebars and 4, = b. S; represents the
effective area of the steel base plate.
The next formula is the usually consider in EN1993-1-1,

R, )

R
¢)If + I:’;H ﬂ{;
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The critical moment was previously determined by the elastic stability analysis.
The imperfection factor = 0,21 was considered, and the following parameters were
assumed: ;=049 and §,.= 1.

4.2 Resistance of the cross section of members

The resistance of the cross section should also be checked to the plastic limit of material,
during tension or compression, assuming the hypothetical behaviour of simple truss elements.
Eq. 10 is also proposed in EN1993-1-1 [1].

N.MJ\’(.' =4- fl- (10)

Where A represents the cross section of rebars (top chord) or the cross section of the truss
members.

4.3 Local buckling resistance of members

Local instability phenomenon may occur in the steel truss. The design may be checked
according to EN1993-1-1 [1], considering class 1 cross section for this elements, an
imperfection factor a=0.49 and a buckling length of 0.75 [1].

Nyp=X-4-1, (1)

<1 (12)

1
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5. Bending resistance on stage S1 — numerical method

The numerical model was created from three-dimensional concrete finite element SOLID65
and SOLIDI185 for modelling 3-D steel rebars, steel truss and steel base plate. Hexahedra and
tetrahedral finite clements were defined, using three degrees of freedom at each node
(translations in each direction). The top and bottom chords of rebars were modelled by an
equivalent squared cross section, see Fig. 8.

Fig. 8: Finite element model for CSTCB with concrete base plate (B2 _S1 L1

A linear elastic stability analysis was performed for each CSTCB, looking for the most
critical instability mode and the respective critical moment. Different deformed shape modes
were observed: Lateral torsional buckling (LTB) for the beam, buckling of the top chords of
rebars in the horizontal plane (HB) and buckling of the top chords of rebars in the vertical
plane (VB). The main results are presented in table 4, The deformed shape modes for the first
instability mode of each CSTCB, is represented in Fig. 9.

The nonlinear, incremental and iterative solution was simulated with two different solvers:
Newton Raphson and arc-length method. Newton Raphson used a criterion based in
displacement, with a tolerance values equal to 0.08, while the arc-length method used a
criterion based in force, with a tolerance value equal to 0.001. The main results are presented
in table 5.

Table 4: Critical load and deformed shape modes for elastic stability analysis

CSTCB Deformed shape mode  Critical load [N] Mecr [N.m]
Al_S1 L1 LTB 651744 267215
Al SI L2 LTB 210582 155410
Al_S1 L3 LTB 146322 155979
A2 S1 L1 VUB 872670 357795
A2 S1 1.2 vUB 444260 327864
A2 S1 L3 LTB 276350 294589
Bl1_S1 L1 HUB 653940 268115
Bl _S1 L2 HUB 289036 213309
B1_S1 L3 HUB 191325 203952
B2 51 L1 VUB 846960 347254
B2_S1_L2 VUB 497120 366875
B2 _SI1 L3 vuB 319904 341018
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B1_S1_L2 B2 S1 L2
Fig. 9: Deformed shape for instability mode 1

6. Results

6.1 Comparison of numerical and analytical bending resistance

The following table 5 presents the results of the all tested beams, allowing authors to verify
the dimensioning formulas, as well as the characteristics of the geometry suitable for CSCTB
beams.

Table 5: Bending resistance for Stage S1 (Egs. 1 and 2)
CSTCB Ls[m] Mrd Numerical [KN.m] Mrd Analytical [KN.m]

AL Ll 164 29.10 4444
Al L2 2952 45.64 40.60
Al L3 4.264 53.83 40.63
AT 164 51.78 39.78
A3 T - 2053 59.65 39.43
A2 L3 4.264 59.15 38.99
Bl L1 1.64 35.30 43.71
BT - 295 46.85 42.30
Bl L3 4264 56.98 42.00
B2 L1 164 57.48 38.98
B2 L2 2952 65.48 39.19
B2 L3 4.264 63.52 38.91
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6.2 Comparison with simple truss member analysis

Table 6 presents the results of simple truss analysis check, regarding the local buckling
resistance for the most critical truss members (top chord). The bending resistance was
calculated on the basis of the maximum buckling load supported by the most critical
compressive element.

Table 6: bending resistance moment

CSTCB Top chord Ny pa [kN] Mrd Analytical [KN.m]
Al_L1

Al L2 265,06 43,47
Al L3

A2 L1

A2 12 250,65 41,11
A2 L3

Bl_LI

B1_L2 265,06 43,47
B1_L3

B2_LlI

B2 12 250,65 41,11
B2 L3

7. Conclusions

Twelve composite steel truss and concrete beam were analysed during stage $1. For each type
and base plate material, three different beam lengths were tested. Two distinct numerical
simulations were performed to calculate the elastic critical moment and the bending
resistance. For the last simulation case, two different numerical solvers were compared:
Newton Raphson and the Are-length method.

The bending resistance determined by numerical analysis is normally higher when
compared with the analytical results, using the general formulas of Eurocodes [1-3], except in
some cases. This means that this kind of structural elements may require specific formulae to
determine load bearing resistance,

The geometry of the CSTCB should be well verified to prevent the premature local or
global failure of the beam. Higher number of steel trusses decreases the possibility of failure
by yielding of diagonals.

Failure of CSTCB depends on the length of each beam. Plastic local failures of diagonals
were determined for shorter beams and smaller number of trusses. Global failure modes were
determined for higher lengths the larger number of trusses.
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