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Received 08 December 2017 Abstract: In the present work, two composite trusses formed by tubular shapes supporting a concrete slab

Accepted 16 June 2020 were evaluated. Based on analytical formulation related to the problem, according to recommendations of
standards, numerical analyses were performed, with models created using the software Ansys, and an
experimental analysis with full-scale tests. Good agreement between the three analysis types was observed. A
possible shear connection failure in one truss was observed. With a change in the second truss's connector
length, an increase in the structure's strength and rigidity was achieved. In this study, because the shear
connectors were directly welded on the upper chord wall, local effects with localized plastifications were
evidenced.
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Resumo: Neste trabalho foram avaliadas duas trelicas mistas projetadas com perfis tubulares, associadas a
uma laje macica de concreto. Baseando-se em expressdes analiticas relacionadas ao problema, seguindo as
recomendagdes de normas, analises numéricas foram realizadas, com modelos criados utilizado o programa
computacional Ansys e uma analise experimental, por meio de ensaios em laboratorio com a estrutura em
escala real. Houve boa aproximacéo dos resultados nas trés analises, sendo observada a possibilidade de falha
na conexao de cisalhamento em uma das treligas. Com uma mudanga no comprimento do conector da segunda
treliga, foi observado um aumento na resisténcia e na rigidez da estrutura. No estudo, ficaram evidentes os
efeitos localizados da ligag@o entre os perfis em se¢do tubular e da fixagdo do conector de cisalhamento
diretamente sobre a parede do banzo superior, que causaram plastificagdes também localizadas.
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INTRODUCTION

Lately, composite structures made of steel trusses and concrete slabs in bridge slabs and even buildings with large
open spans have become more viable. The composite truss systems have proven to be very economical since they allow
exploring each material's best characteristics. Due to the composite section bending, the greater compression values are
concentrated in the slab, whereas the tension occurs in the lower chord. According to Wardenier et al. [1], in trusses
designed without considering the composite section solution, 50% of the material weight used to fabricate the structure
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is concentrated in the compressed chord, 30% in the chord under tension, and 20% in the elements of the diagonals and
vertical posts. Therefore, there can be a significant reduction in materials consumption when considering the composite
section since the upper chord's dimensions can be reduced without influencing the structure capacity.

This study presents experimental and numerical analyses of composite trusses designed with tubular profiles
associated with a concrete slab. The experimentally analyzed truss was donated to the Universidade Federal de Ouro
Preto (UFOP). The analysis results are assessed to investigate the mechanisms used to ensure a better steel-concrete
interaction, providing a behavior with most of the slab under compression. The steel is under tension, allowing a more
efficient and secure composite section. Two truss models are numerically evaluated. For the first truss, numerical and
experimental analyses were performed, and the results were compared to literature recommendations and standard code
specifications. For the second truss, only numerical analyses were performed. The difference between Truss 1 and 2 is
a change in the shear connection from Truss 1 to make the initially tested structure more efficient.

THEORETICAL FOUNDATION

Studies on composite trusses are still few, and most of them, including what is regulated by the Brazilian standards
of steel and composite structures [2], were initially proposed in a publication of the 1980s (Chien and Ritchie [3]).
According to these authors, composite trusses' design for the ultimate limit states is performed using a model
considering sections plastification (Figure 1).
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Figure 1. Model for global analysis of a composite truss under bending.

In this model, only the concrete slab and the lower chord are considered. The bending lever arm, «4,, formed between

the concrete compression force and the tension force in the lower chord, is considered. The plastic neutral axis, PNA,
must be positioned within the concrete slab in the Truss ultimate strength. Thus, the height of the plastic section (a )
must be lower than the slab thickness (¢, ). For a ductile rupture to occur, the lower chord section yielding stress (7,,)

must occur before concrete crushing ( ¢,, ) and rupture of the shear connection ( 0,, ), also ensuring the total or complete
interaction regime.

Concerning the other truss members, the diagonals are dimensioned to resist the total vertical shear load, while the
upper chord is only considered in the analyses performed before concrete curing. However, this is a fundamental
member in the composite section, even with the slab presence. It directly influences the shear connection behavior,
especially when it comes to stress redistribution [4]. That is impaired in composite trusses because of stress
concentration in the connecting nodes region, as demonstrated in Machacek and Cudejko [5] and Bouchair et al. [6].
Eurocode [7] proposes a methodology considering a non-uniform elastic distribution of stresses among the connectors.
Such procedure is used in composite trusses whenever the plastic analysis of the connection may not be safe, as in
bridges under fatigue or when the connectors are not ductile.

For serviceability limit states, when evaluating vertical displacements, it is recommended to calculate the structure
stiffness considering the moment of inertia of the composite section, 1 That is made turning the concrete slab

mist *
effective area into an equivalent area of steel, neglecting the concrete and the upper chord in the tension zone. To
consider the effect of shear deformations on diagonal members, the effective moment of inertia, 7, , must be calculated

as Equation 1. 7, is the cross section moment of inertia, considering only the truss steel members. This procedure is

t

recommended by Chien and Ritchie [3] and is included in the Brazilian standard [2].
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I,=1

ef mist

~0.151,, (1)

This moment of inertia is calculated considering the total interaction between the slab and the truss. The Canadian
standard [8] presents Equation 2 to calculate the effective moment of inertia. The factor “ P” considers the degree of
interaction between the slab and the truss. In the case of total interaction, this factor is considered equal to 1.0.

mist

Ly =0.151,,,, +0.85P"% (1., —0.151,,,, ) )

According to Murray et al. [9], the standard reduction of 15% in the moment of inertia of the steel section can lead
to good results when the relationship between the span length and the truss height ( Z/#) has a value greater or equal
to 15. Therefore, the author proposes to consider a reduction factor, c,., dependent on the ratio (L/4) as shown in
Equation 3 and to calculate the effective moment of inertia using Equation 4. From Murray et al. [9], this equation may
lead to better results for L/h<15, rather than to consider the standard decrease of 15%. In this case, the moment of
inertia of the composite section, 7., , must also be calculated to take the upper chord into account.

mist >

Cr = 0_9(1 _ 670.28(L/h))2.8 (3)
1
CE )
+
Cr : [met [mist
NUMERICAL ANALYSIS

Definition of prototypes

The trusses evaluated were designed to have an open span length of 10000 mm and its height equal to 1146 mm
(Figure 2). Upright posts were used in the truss profiles with circular tubular hollow section on the diagonal members
(CHS 101.6 x 6.4) and upright posts (CHS 60.2 x 6.4), and rectangular hollow section in the lower chord (RHS 150.0
x 120.0 x 6.4) and the upper chord (RHS 150.0 x 120.0 x 4.8). All these members were fabricated in VMB 300 steel
(f, =300MPa). Due to the probability of the plastification occurring in the truss tubular connections, shell plates with

a thickness of 12.5 mm were added at these points, as indicated in Figure 2b.

%
x
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a)Frontal view

b) Perspective view of Truss 1 c) Perspective view of Truss 2

Figure 2. Configurations of the evaluated composite trusses.
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The slab was designed to a length equal to 2000 mm, a thickness of 100 mm, and concrete compressive strength,
£ » 0f 25 MPa. In order to connect the slab to the upper chord, shear connectors were designed in a hot rolled U-profile

(Figure 2b) with length (1,,) equal to 80 mm, web thickness (,,, ) equal to 4.32 mm, and flange thickness (1, ) equal

wes

to 6.9 mm, made of ASTM A36 steel. The connectors were arranged along the chord with a 625 mm spacing.

Table 1. Results of the materials testing.

Member Yield strength (MPa) Ultimate strength (MPa) Compressive strength (MPa)
Chords 456 720 -
Diagonals 442 930 -
Upright posts 442 930 -
Shell plates 350 450 -
Slab concrete - - 25

After the trusses were fabricated, the yielding strengths were obtained by experimental tests for the steel used in the
chords, diagonals, reinforcement plates, and upright posts, according to Table 1. No characterization tests were
performed in the steel of the shear connectors and the steel reinforcing bars. Thus, nominal values of yielding strength
equal to 250 MPa and 500 MPa, were considered in the analyses, respectively. The results showed that yield strength
was higher than expected. Concerning the specific case of the chords' material, which is fundamental for determining
the composite structure rupture limit, the tests showed a yield strength equal to 456 MPa, well above the expected
300 MPa. Thus, the ultimate limit turned out to be the shear connection rupture and not the lower chord yielding, as
recommended in standards and predicted in the design. The composite truss would work in a partial interaction mode
since the shear connection resistance ( 3, ) presented a value smaller (22%) than the tension axial load that causes the
lower chord to yield by tension ( 4, - f, ).

A possible solution to avoid such a loss of interaction would be to increase the concrete strength or modify the shear
connectors. However, these changes would negatively impact the fidelity of the evaluated prototypes to the initially
designed structure, which would impair the research conclusions. It was then decided to evaluate the composite truss
as it was initially conceived and to also model a second structure, modifying only the shear connection. In the composite
Truss 2, the shear connection was modified, using a connector of length (1, ) extended to the end of the chord, with a
width of 150 mm, as shown in Figure 2¢. This modification increases the connection resistance capacity because the
connector is welded along the chord width, which will load the lateral side of the member, not only the top face when
the connector is mobilized, providing more stiffness to its base.

Numerical models design

The numerical modeling was performed in the Ansys program using a three-dimensional analysis. For faster analysis,
half of the truss was modeled due to its symmetry. The three-dimensional reinforced concrete finite element SOLID65
(Figure 3a) was used [10]. Although the internal reinforcing bar could be considered diffuse in the element SOLIDG65, it
was decided to use independent elements for the reinforcement, which was modeled using the finite element LINKS
(Figure 3b). The slab mesh had nodes position coincided with the reinforcement nodes position, as shown in Figure 3c.

SOLIDG65 (Concrete)

LINK8

(reinforcing bar)

a) SOLID65. Source: [10] b) LINKS8 Source: [10] c¢) Connection between
elements

Figure 3. Finite elements used in slab modeling.
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The modeling of the chords, diagonals, upright posts, and shear connectors was done using shell elements,
SHELL181 (Figure 4a), allowing to consider localized effects in the connection nodes of the tubular section members.
These elements were used in other studies involving tubular profiles with good results [11]. The modeling of the shell
elements was done considering the dimensions of the cross-section midline of the tubular profiles. The connection of
the slab with the shear connectors was made so that there was also a coincidence of node position of the finite elements
of the slab and the shear connector elements, subsequently coupling these nodes, making for a rigid connection between
the two structural elements, as shown in Figure 4b. Figure 5 shows a complete view of the model used.

SHELLI81
(Connector)

SOLIDG65
(Concrete)

/| |~ Coupling nodes

a) SHELL181 Source: [10] b) Coupling of nodes of different elements

Figure 4. Details of finite element SHELLI81 and the coupling of nodes of slab elements and connectors.

Truss steel elements
(SHELLI&I)

Figure 5. Overall view of the numerical model with members discretization.

A multilinear elastoplastic behavior with isotropic hardening was considered for the chords, upright posts, and
diagonals to consider the materials mechanical properties extrapolating the elastic limit (Figure 6). For the truss steel
members, stress versus strain curves considered the experimental data (Table 1) and a modulus of elasticity of 205 GPa.
As for the concrete, the stress versus strain curve was defined according to the Brazilian Standard specification for
reinforced concrete [12], using a parabolic curve defined with the expression shown in (Equation 5). Figure 6 shows
the stress versus strain curves considered for the concrete chords and for the steel chord.

0o =Ly [1—(1—86 /0‘002)2} Q)
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Figure 6. Stress versus strain curves used as materials properties.

The steel reinforcing bars were modeled considering a perfect elastoplastic behavior. The shear connectors steel
was modeled considering a bilinear behavior with yielding strength equal to 250 MPa and the ultimate strength equal
to 400 MPa.

The load was applied to nodes located on the concrete slab, allowing the Ansys program to control the load increase
during the analyses automatically. Minimum and maximum increments limit were imposed equal to 1% and 10% of
the total estimated load, respectively. A large-displacement analysis was adopted since it is an efficient method to solve
non-linear equations, and the program automatically defines the convergence criteria.

EXPERIMENTAL PROGRAM

Test assembly

The tests with Truss 1 occurred in the Laboratory of Structures “Professor Altamiro Tibirica Dias” at the
Department of Civil Engineering of the Universidade Federal de Ouro Preto. Figure 7 shows an overall image of the
test assembly and loading scheme. Three reinforcing bars connected the specimen to the lateral containment frames to
avoid tipping during the tests. The load application was performed using three hydraulic actuators with a load capacity
of 500 kN. The actuators were fixed directly to the reaction frame and to a pinned load cell that guarantees verticality
in the loading. Rectangular plates were placed below the load cell at the slab concrete to minimize the contact region
compression stress, avoiding concrete local crushing.

Figure 7. Overall view of the test assembly.
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Strain gages were used to measure strains, with eighteen unidirectional strain gages for linear strain and four 45°
rosettes strain gages. Displacements were measured with five LVDTs - “Linear Variable Displacement Transducers”
and with seven analog deflectometers. The instrumentation positioning was defined based on the numerical analysis
results. An automatized computer-controlled data acquisition and monitoring system was used.

RESULTS AND DISCUSSIONS

Load versus Displacement

Figure 8 illustrates the Load versus Displacement curves obtained in the vertical direction in the middle of the span,
demonstrating a good correlation of the experimental and numerical results. The graph indicates load values that are,
theoretically, the shear connection strength limit, the elastic limit (beginning of the yielding of the lower chord by
tension), and the plastic limit (total yielding of the lower chord by tension). As previously reported, the results using
formulations of standards and literature indicate the possibility of failure in the shear connection before the chord
yielding. The maximum load reached, both in the numerical analysis and in the experiment (= 268.0 kN), was slightly
higher than the connection load capacity limit (253.0 kN). For Truss 2, designed with the modification in the shear
connection to guarantee a total interaction, the plastic limit load of 322.0 kN was reached.

350 |Elastic limit Plastic limit
7% 7 (302.0 kN) (322.0 kN
300 5 Shear connection /
limit (253.0kN) / / ad
250 /'/ g

./.

—s—Experimental (Truss 1)
—s— Numerical model (Truss 1)

100 — -CAN/CSA [8]
— - Murray [9]
50 NER 8800 [2]
——Numerical model (Truss 2)
0 T T T T T

0 10 20 30 40 50 60 70
Vertical displacement (mm)

Figure 8. Comparison of load versus displacement curves.

The nonlinearity in the results from the initial loads is observed for Truss 1 due to excessive deformations in the
connectors because of the upper chord wall great flexibility, where the connectors were welded (Figure 9). The top face
wall has a thickness of 4.8 mm and a width of 150 mm, which are measures within limits for a compressed member
(b/t=114JE/ f, <b/ tm h_m) according to Brazilian standard [2]. Since the connector has a length of 80 mm, its

stability depends entirely on the chord upper face stiffness. The modification in the shear connection in Truss 2 ensures
greater stiffness and greater strength to the structure, as the numerical results indicate.
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a) Numerical model b) Experimental test

Figure 9. Deformation of connector due to low stiffness of the top face of the chord.

The load limits from formulations of standards and literature, indicated in Figure 8, were obtained considering the
effective moments of inertia calculated using Equations 1, 2, and 4 referring respectively to the specifications of the
Brazilian Standard [2], Canadian Standard [8] and Murray et al. [9]. There was a more significant divergence with the
experimental results when assessing the Brazilian standard [2] and a better approximation when considering the
recommendations of Murray et al. [9]. Even in this last case, a good correlation was observed only for the initial loads
of Truss 1. A better approximation of the effective moment of inertia values obtained using Equations 1 and 2 is possible
whenever the relationship between the span length and the height of the truss (L/#) is greater than 15 and in the
presence of more rigid shear connectors, as it observed in other similar studies [13], [14]. In such studies, the shear
connection was designed with a “Perfobond” connector, considered more rigid. For the truss evaluated in this paper,
the relation length-height is (/4 =10), and the connector is more flexible. Thus, a better approximation of the results
is obtained using Equation 4. The shear connection greater deformability influenced the results, increasing the relative
horizontal sliding between the slab and the upper chord, measured experimentally by a displacement transducer.
Numerical analyses also showed the relative displacement, as can be observed in Figure 10. This relative horizontal
sliding indicates the loss of interaction between the upper chord and the slab, characterizing a partial interaction type.

350 - -4~ Numerical Truss 1
o -« Experimental Truss 1
300 1 &g & Numerical Truss 2

ot

0 0.5 1 15 2 25 3 35 4
Sliding (mm)

Figure 10. Horizontal sliding between the slab and the upper chord.
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Load versus Deformation

The study compared the linear deformations observed in the lower face of the lower chord (Figure 11), von Mises
deformations in the shear connector near the support (Figure 12), and the region of the truss inferior node without
reinforcement (Figure 13). The numerical result concerning the lower chord presented a good approximation with the
experimental results. In Truss 2, a linear behavior is observed up to the load corresponding to the chord yielding
(indicated by the vertical line in the graphs and equal to 280 kN), which matches the analytically calculated elastic limit
load shown in Figure 8.

400
350 -
300 4 fa_#e,er—v“’f‘”
250 4 - e
2
== 200 ;
= —a— Ezperimental Tross 1
5 150 4
-5 DMumerical Truss 1
100 4
5 —&— DMumerical Truss 2
0 4 T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Strain (E-d)
Figure 11. Strains in the lower face of the lower chord.
350 -
—e— Experimental Truss 1
300 1 —— Mumerical Truss 1
250 —5— Mumerical Truss 2
g 200
=
§ 150
100 4
50 :
e
0 T T T T
0 2000 4000 &000 2000 10000
von Mises strain (E-G)
Figure 12. Strains of the shear connector.
350
~+ Experimental Truss 1
300 1 —— Mumerical Truss 1
250 4 —— DMumetical Truss 2
& 200
=
g 150
100
50
0

500 1200 1500 1800 2100 2400 2700 3000
von Mises strain (B-G)

0 300 &00

Figure 13. Strains in the region of one of the lower nodes.
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As shown in Figure 11, the lower chord strains indicate that this member is under tension. In the experimental
analyses performed, the upper chord strains were also measured (Figure 14). The strains in the upper chord indicate
that this member is under compression.

For the shear connector (Figure 12), the curve obtained with the numerical results presented a slightly different
shape from the experimental results, which may be explained due to localized effects. After the yielding limit (indicated
by the vertical line), there was a better approximation of the results. The numerical results of Truss 2 are similar to the
results obtained from Truss 1.

In the region where the diagonals are connected to the lower chord (Figure 13), in which there were no reinforcement
plates, differences in numerical and experimental results are also observed, with an approximation of values for
maximum loads.

(a) Position of the strain gages

e
AQN

i o oo
_?".. . ALY

i 246

e — 226

—Ex3 RIS 206

| +Ex4 B, 186
& ] -=ExS +66
=8 146
3 X6 26+
] ——Ex7 Lomm
=-Ex8 =
~Ex12 .

= Ex13 4

: g 260

; =
23000 -2700 -2400 -2100 -1800 -1500 -1200 -900 -600 -300 0

Strain (JL&)

(b) Load versus strain curves for each strain gage

Figure 14. Strains measured in the upper chord.

Maximum stress observed in truss members.

Figure 15 and Figure 16 show the stress field (von Mises total stress) for the steel members, considering the analyses
maximum load. In Truss 1 (Figure 15), the stresses with values higher than the material yield limit were concentrated
along the upper chord in the regions where the shear connectors are attached. There was a plastification in the area
around the chord connection, in the diagonal and in the upright posts in the central node region, which were added to
the plastification in the connector. Thus, the plastification is more evident in this member region. Plastification can also
be found in the regions at the most demanded diagonal members ends, in the lower chord, around the connecting node
without reinforcement, and at the middle of the span along the lower face.
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b) 3D view

Figure 15. von Mises stresses in MPa for the steel members of Truss 1.

[=1

101 202 304 405
50 152 253 354 456

a) Lateral view

b) 3D view
Figure 16. von Mises stresses in MPa for the steel members of Truss 2.

For Truss 2 (Figure 16), the yield limit was exceeded in the lower chord along the entire central span section and
concentrated in the nodes and in the connectors regions. This occurs with less intensity in Truss 1. Plastification is also
observed at the ends of the most demanded diagonals and in the upper chord, in the region of the connecting nodes, in
the middle of the span, and the at the support.
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Along the lower chord and in the middle of the span, the deformations from the structure bending results the member
under tension. In the connecting nodes region and in the ends of the diagonal members, the plastification is due to the localized
effects of the connection between members in the tubular section. Those plastifications were considered in the analyses via
the formulations of standards and literature, used to obtain the strength of tubular connections without reinforcement.

Figure 17 and Figure 18 display the transverse stresses measured along the top and lower slab faces for maximum
loads. Because of the structure bending, compressive stress predominates on the top face, and tension stress can be seen
on the lower face. More significant efforts were observed in the regions above the connecting nodes, among the upper
chord, diagonals, and upright posts, indicating the existence of concentrated moment loads. These efforts, added to the
global bending of the slab, caused stress concentration in the middle of the span. The shear connectors also caused
stress concentration on the slab as it can be observed, mainly, along the lower face of the Truss 2 slab. For this case,
there was a stress concentration in the region near to the top node, close to the support. Its value decreased as it moved
away from the node. Truss 1, characterized by a partial interaction type, has more efforts developed, resulting from the
global bending. Truss 2 has higher efforts and greater stresses were localized in the regions of connecting nodes and in
the region where the connectors were positioned.

Top face

¢

Lorarer face
23 -19 -13 -3 —z 5 & 13 19 25

Figure 17. Transverse stresses in MPa measured in the slab faces of Truss 1.

Top face

Lowrer face

-25  -139 -13 -5 -z z B 13 19 25

Figure 18. Transversal stresses in MPa measured in the slab faces of Truss 2.
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In both trusses, the position of the neutral axis is inside the slab. The average strains in the slab height were measured
from strain gage localized in the upper and lower slab faces and in the steel reinforcing bars. In Truss 1, the neutral axis
was initially positioned 20 mm from the contact base between the upper chord and the slab (Figure 19). With the load
increasing, it migrated to a 45 mm position from the base for the maximum load of 264 kN. In Truss 2, the neutral axis
was positioned 35 mm from the base for the maximum load of 368 kN.

_1:: —+—5.43kN

4 ——20.9kN

i; ---67.1 kN

7 —=92 4 kN
—=129.6 kN
--211.6kN

T T G ——
-600 -400 2200 0 200

Strain (pg)

Figure 19. Strains in the slab height.

As shown in Figure 11 and Figure 14, the lower chord is under tension, and the upper chord is under compression,
indicating the existence of a neutral axis in Truss 1. A second neutral axis is also observed in the slab, as shown in
Figure 19. Two neutral axes characterize a steel-concrete partial interaction type, with sliding in the steel-concrete
interface, supported by the shear connector that presents plastic deformation (Figure 9).

CONCLUSIONS

The study evaluated composite trusses from experimental and numerical analyses. Comparisons of these results
with standards and literature analytical expressions were performed to verify the influence of the shear connection in
the truss bending behavior.

Truss 1 allowed a good approximation between experimental and numerical results. Regarding the shear connection
strength, the possibility of connection failure before the chord yielding was observed. The maximum loads obtained,
both in the numerical and experimental analysis, were slightly higher than the load capacity limit calculated for the
shear connection. With the modification in the shear connectors to guarantee the total interaction in Truss 2, a standard
plastic limit load was achieved.

Experimental and numerical analyses indicate the influence of the upper chord wall flexibility on the deformability
of the shear connection. This influence is more observed in Truss 1. Even with the shear connection change in Truss 2,
a good correlation between the numerical results and those obtained according to the standard recommendations is still
not possible. For the trusses evaluated, with the relationship between span length and height (Z/#) equal to 10, better
results were obtained according to Murray et al. [9], where the effective moment of inertia is calculated considering the
L/h ratio.

The von Mises stresses on the steel members of Truss 1, shows a larger plastification in the upper chord region
where the shear connectors were fixed, which made the structure very deformable. In Truss 2, the largest plastification
occurred along the lower chord in the middle of the span, where there was total plastification of the member section, as
recommended by the standards.
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