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Abstract

Adhesive bonding has recently emerged as an alternative to shear stud connection in steel-concrete composite flexural mem-
bers. Research on adhesive-bonded steel-concrete composite flexural members is in a preliminary stage, and the behavior
of the bond layer in these structures is not well understood yet. A three-dimensional finite element model is developed and
used to conduct the parametric investigations. The developed model is validated with experimental results available in the
literature. The behavior of the bond layer is defined in terms of normal stress, normal strain, shear stress, and shear strain.
Seven different parameters are studied regarding their effect on the behavior of the bond layer. The parameters include load
proportion factor, longitudinal distribution of load, transverse distribution of load, width of concrete slab, depth of the con-
crete slab, Young’s modulus of the adhesive and transverse location of the adhesive fiber. Parametric investigations are carried
out to establish the relevance of parameters in terms of their effect on the behavior of the bond layer. The most significant
parameters are identified as load proportion factor, longitudinal distribution of load, and Young’s modulus of adhesive.

Keywords Composite beams - Bonded - Bond layer - Shear connection - Finite element analysis - Young’s modulus

1 Introduction

The connection between steel and concrete plays an
important role in determining the stiffness and strength
of steel-concrete composite members. Such connection,
referred to as shear connection, resists horizontal slip and
vertical separation of steel and concrete components, and
enables the steel and concrete components of the com-
posite members to behave as a unit. Shear studs are most
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popularly used for shear connection. However, shear studs
cause stress concentration in the concrete and may exhibit
significant slip, which results in partial interaction (Oehlers
and Bradford 1995). Moreover, such construction often leads
to shrinkage cracks in concrete (Lebet and Ducret 1998), as
it mainly involves the in-situ casting of concrete.
Composite structures have been investigated for several
aspects, such as service load behavior (Chaudhary et al.
2008; Pendharkar et al. 2011, 2015; Ramnavas et al. 2015),
behavior of continuous composite structures (Gupta et al.
2015; Tadesse et al. 2012; Varshney et al. 2019), and behav-
ior of composite beams in frames (Pendharkar et al. 2017;
Ramnavas et al. 2017a, b; Varshney et al. 2013). Effective
width (Amadio et al. 2004; Nie et al. 2008; Wang and Nie
2015), effect of reinforcement detailing (Kumar and Chaud-
hary 2019), coupled beams (Zheng et al. 2014), perfect con-
nection (Souici et al. 2015) and imperfect connection (Gara
et al. 2010) also have been studied for composite structures.
Behavior of composite structures under seismic load has also
been examined (Naghavi et al. 2019; Rahnavard et al. 2016,
2017, 2018). Several innovative connections between steel
and concrete to achieve better performance of composite
structures have been investigated, which include angle con-
nector (Balasubramanian and Rajaram 2016), hat shaped
connector (Kim et al. 2011), I-shape connector (Mazoz et al.
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2014), perforated connectors (Su et al. 2014), and H-shaped
steel embedment (Zheng et al. 2016).

Adhesives are widely used in structural engineering
applications, such as joining two elements (Alachek and
Jurkiewiez 2020; Han et al. 2020), laminating concrete with
fiber reinforced polymers (Dai et al. 2010; Wang et al. 2013)
and joining mortar with concrete (Do and Kim 2013a, b).
The possibility of a bond between steel and concrete using
epoxy-based adhesive has also been explored to achieve a
better connection (Bouazaoui et al. 2007, 2008; Jurkiewiez
et al. 2011, 2014; Souici et al. 2013). Such adhesive bond
connection, referred to hereafter only as bond connection,
involves the whole steel-concrete interface area to transfer
shear force between steel and concrete components. In con-
trast, mechanical connection utilizes a much smaller area
equal to the surface area of the mechanical connector. Due
to the use of a larger and continuous area, a bond connec-
tion is expected to reduce peak stress in concrete and steel
at the connection level. The bonding of steel and concrete
requires precast concrete, which can reduce shrinkage cracks
in concrete effectively. The use of precast concrete in such
construction is a factor that ensures rapid construction.

Some of the available adhesives have been found to
exhibit satisfactory stiffness and strength under push-out
tests (Kumar et al. 2018; Meaud et al. 2011; Zhan et al.
2016). The bond connection has been reported to show
higher strength and stiffness than the mechanical connection

(Si Larbi et al. 2007). Full-scale experimental studies on
bonded steel-concrete composite flexural members (referred
to subsequently as BFM in this paper, Fig. 1a, b) have also
been reported (Bouazaoui et al. 2007, 2008; Jurkiewiez et al.
2011, 2014; Souici et al. 2013). It has been observed that
BFMs are stiffer and stronger than mechanically connected
steel—concrete composite flexural members (referred to sub-
sequently as MCFM in this paper) (Souici et al. 2013). Also,
ductility and slip at the steel-concrete interface displayed by
BFM are significantly less than those by MCFM.

In some other studies, analytical solutions have been
proposed for slip, curvature, deflection, and stress in BFM
(Bouazaoui et al. 2008; Jurkiewiez et al. 2014; Si Larbi et al.
2007). Linear (Bouazaoui et al. 2008; Si Larbi et al. 2007)
as well as nonlinear models (Jurkiewiez et al. 2011, 2014)
have been proposed. Several numerical studies (Kumar
et al. 2018; Meaud et al. 2014; Zhao and Li 2008) have
been conducted to study the behavior of bonded steel-con-
crete push-out test specimens and BFM. It was reported
by Luo et al. (2012) that the Young’s modulus of adhesive
should be higher than 1000 MPa to ensure desired perfor-
mance of BFM. In another study, a numerically stable and
efficient reliability-based design optimization approach to
design BFM was proposed (Luo et al. 2011). The approach
considered probabilistic and non-probabilistic uncertain-
ties. Kumar et al. (2017) presented a review of studies on
the application of structural adhesives in steel-concrete
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Fig. 1 Details of a typical BFM, BFM1: a side view and b cross-sectional view
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composite structures. The review suggested that the perfor-
mance of bonded connections can be improved through the
addition of filler in the adhesive. These available studies in
the literature indicate that though research work has been
conducted to investigate various aspects of the BFM, the
behavior of the bond layer has not been explored in detail.

In this study, X-direction is taken along the width,
Y-direction is taken along the depth, and Z-direction is taken
along the length of the BFM, as shown in Fig. 1. The ratio
of the applied load and the failure load resisted by the BFM
is termed as load proportion factor (LPF).

This study numerically investigates effect of various
parameters on the behavior of the bond layer in BFMs in
terms of variation of (a) normal stress, ay+, (b) normal strain,
ey+, (c) shear stress, Ty and (d) shear strain, Yyz along the
length. The behavior of the bond layer is studied for param-
eters: (a) LPF, (b) longitudinal distribution of load, (c) trans-
verse distribution of load, (d) width of concrete slab, B,
(e) depth of the concrete slab, D, (f) Young’s modulus of
adhesive, E,, and (g) transverse location of adhesive fiber.
To conduct the study, a three-dimensional (3D) finite ele-
ment (FE) model of BFM is developed. The observations are
made at the mid-depth of the bond layer, whose coordinates
are (x, D,+0.50 D, z), where D, =depth of concrete slab,
D, =depth of bond layer, x=distance along width of cross-
section from mid-width, and z=distance along longitudinal
direction from mid-span, as shown in Fig. 1a, b. Mid-width
(x/B,=0.00) and the coordinate system followed are also
shown in Fig. 1b, where B, =width of the bond layer.

2 Finite Element Modeling of Bonded
Flexure Members

Thirteen BFMs, BFM1-13, are considered for this study. All
the BFMs considered in this study are symmetric in the lon-
gitudinal and transverse directions in geometry, boundary
conditions, and loading. Symmetry in longitudinal and trans-
verse directions for one typical BFM, BFM1, can be seen in
Fig. 1a, b. A quarter of the BFMs in the plane is modeled by
taking advantage of the symmetry. Concrete slab, bond layer,
and steel girder are modeled as three-dimensional eight-node
continuum elements (C3D8) elements. Reinforcement bars
are modeled as two-node beam element (B21). Concrete slab,
bond layer, and steel girder are modeled as a single part to
reduce the numerical size of the model. Reinforcement bars
are embedded in the concrete slab area of the unified part.
Self-weight and external load are applied using the Static, Riks
procedure available in Abaqus. This procedure is based on the
arc length method (Riks 1979), which was proposed to obtain
a solution of unstable problems. Normal stress, normal strain,
shear stress, and shear strain at desired LPF are obtained by

using linear interpolation on the results obtained by the Static,
Riks procedure.

The mesh sensitivity test is carried out during development
of the numerical model. Length, width, and height of a typical
C3D8 element are kept approximately equal. Convergence in
terms of stress in the bond layer is achieved at 93,771 elements
and 107,312 nodes in model BFM 1.

Concrete is modeled using the concrete damaged plastic-
ity (CDP) model (Lee and Fenves 1998; Lubliner et al. 1989)
available in Abaqus. The stress—strain behavior of concrete is
input as inelastic with strain softening CDP having an effec-
tive stress-based yield function and adopting non-associated
potential plastic flow. It is capable of adequately simulating
concrete behavior with the help of the uniaxial stress—strain
relationship. The ratio of the second deviatoric stress invariant
on the tensile meridian to that on the compressive meridian
at initial crushing for any given value of effective hydrostatic
stress, K is taken here as 0.6667, the default value suggested
by the Abaqus Analysis user’s manual (2013). The ratio of
equibiaxial compressive strength of concrete to uniaxial cylin-
drical compressive strength of concrete is taken as 1.16. Yield
surface of the concrete in the CDP in the deviatoric plane and
plane stress are shown in Fig. 2. The value of the dilation angle
measured in p—q plane is taken as 36° (Matsagar 2016). The
rate at which the flow potential function reaches its asymptote
is taken as 0.1, and the viscosity parameter is taken as 0 in the
study, default values suggested by the Abaqus Analysis user’s
manual (2013). The stress—strain relationship of concrete is
adopted as linear up to 0.4f,*, where f,* denotes the cylindrical
uniaxial compressive strength of concrete. Beyond the value of
0.4f,*, the stress—strain relationship for uniaxial compression
proposed by Carreira and Chu (1985) is adopted, as expressed
in Eq. 1 (Fig. 3).

ot J/C<‘€+/‘€;—> 1
f+ = Yc Yo = + (1)
G ey 5 oy P

where E;; represents the initial Young’s modulus of concrete,
e, represents the strain corresponding to f,*, 6* represents
the compressive stress in concrete, and e* is the compres-
sive strain in concrete. A positive superscript, in this paper,
represents compression, whereas a negative superscript rep-
resents tension.

A linear stress—strain relation of stress and strain of con-
crete in tension is considered before and after cracking in this
study, as shown in Fig. 3. The adopted relation between tensile
strength of concrete, £, and f,* is shown in Eq. 2, which has
been adopted from ACI 318 (2019).

fo = 0.62fF/? )
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Fig.2 Yield surface of concrete (a)
damaged plasticity in a devia-
toric plane, and b plane stress

(b)
K=1 Uniaxial tension \‘A 6,
-S, Oeo P (C{ro 0y )

A K

Uniaxial

compression -
Biaxial
tension

~
Tension
Meridian

Biaxial compression

Fig.3 Uniaxial stress—strain F ' I
curve for concrete, compres- = |
sion as positive and tension as
negative -

Stress

Eor) o era)
A y—l+(€*/8f*)/

( 047 o, f*j i

it

T T T
1 -
17(ﬁ1+/Ei‘£;) ]

V=

J@ o -

Compression (+ve)

Tensilon (-ve)

This relationship is prescribed as the upper limit of tensile
stress for uncracked concrete in ACI 318 (2019). The value
of f using Eq. 2 has been obtained as 4.0 MPa.

The adhesive is modeled using the linear Drucker—Prager
(LDP) material model (Chiang and Herzl 1994; Drucker and
Prager 1952) with the associated flow. Structural steel is
modeled as multi-linear plastic material, and reinforcement
is modeled as bi-linear plastic material with the isotropic
hardening model. Figure 4a shows the mesh of a typical
BFM, BFM1, along with loading and the boundary condi-
tions. Figure 4b shows the deflected shape of the FE model
of BFM1. The deformation is magnified at a scale of 10.

The FE model is validated against experimental results
of the beam P, tested by Bouazaoui et al. (2007) (Fig. 5a,b),
designated here as the validation BFM VBI1, experimental
results of the beam B4 tested by Souici et al. (2013) (Fig. 5c,
d), designated here as the validation BFM VB2, and experi-
mental results of the beam AB1 tested by Jurkiewiez et al.
(2011) (Fig. Se, f), designated here as the validation BFM
VB3. All the three validation BFMs are symmetric in the
plane in the lateral and transverse directions in geometry,
boundary conditions and loading, which can be seen in

@ Springer
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Fig. Sa—f. Therefore, again a quarter of the BFM in the plane
is considered in the FE model. Material properties of all the
three VBs are shown in Table 1. Comparison of load—dis-
placement curves obtained by FE model with those obtained
by experimental studies is shown in Fig. 5g. The comparison
shows that the FE model predicts the behavior of BFM with
good accuracy. Figure 6 shows the failure of VB2 observed
experimentally by Souici et al. (2013). Figure 6 also shows
prediction of failure obtained using the developed numeri-
cal model, which is similar to the observed failure. It can be
stated that the numerical model is reliable.

3 Numerical Study and Discussion

For BFM1, Young’s modulus, compressive strength, and
tensile strength of concrete are 30,314 MPa, 41.6 MPa,
4.0 MPa, respectively. Young’s modulus of adhesive, E,,
compressive strength, and tensile strength of adhesive are
12,300 MPa, 55 MPa, and 30 MPa, respectively. Young’s
modulus, Poisson’s ratio and yield stress of steel I-section
are 210,000 MPa, 0.3, and 500 MPa, respectively. Young’s
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(a) Displacement of surface in Z-direction =0
(Longitudinal symmetry condition)

Outer most longitudinal
section of adhesive layer

A,

Mid-width longitudinal section
of'adhesive layer

(b)

Applied load

/

Displacement of transverse line at bottom
in Y-direction = 0 (End roller support)

Displacement of surface in X-direction =0
(Transverse symmetry condition)

Fig.4 Modeling of BFM1: a mesh and boundary conditions, modelled quarter in plan, and b deflected shape, with magnified deformation at

scale of 10

modulus, Poisson’s ratio, and yield stress of steel reinforce-
ment are 210,000 MPa, 0.3, and 325 MPa, respectively.
BFM1 is adopted from the shear stud connected steel-con-
crete beam B4 tested by Amadio et al. (2004).

3.1 Effect of load proportion factor (LPF)

Effect of LPF on the normal stress, normal strain, shear
stress, and shear strain is presented in this section. Details
of BFM1 can be seen in Fig. 1. Figure 7 shows the com-
parison among variations in these quantities at the mid-
width longitudinal section of the bond layer. Considered
LPFs are 0.40, 0.60, 0.80, 0.90, 0.95, and 1.00. Normal
stress at the location of the applied load increases with
the increase in LPF from LPF=0.40 to 0.60, as shown
in Fig. 7a. On the contrary, normal stress decreases with
increase in LPF for LPF > 0.60. Normal strain, on the other
hand, keeps increasing till LPF=1.00 (Fig. 7b). Further, it
is observed that normal strain is highest for LPF=1.00 for
most of the length while normal stress is highest only at
support. The BFM is simply supported with load applied at
mid-span. Therefore, the bond layer experiences maximum
magnitude of longitudinal bending strain, €,, and stress, G,,

at mid-span and almost zero at support. In the considered
case, longitudinal bending tensile strain, €™, is 161y and
1102p at LPF=0.40 and 1.00, respectively, at mid-span
while longitudinal bending tensile strain is 35p and 244p
at LPF=0.40 and 1.00, respectively, at support. Magni-
tude of longitudinal bending strain and transverse strain,
g,, affects the magnitude of normal stress as expressed in
Eq. 3 (Timoshenko and Goodier 2010).

. E

ol = m[vex + e, + (I — v, 3)

High magnitude of longitudinal bending tensile strain causes
a lower magnitude of normal stress at LPF=1.00 in the span
(Eq. 3). On the contrary, BFM at support experiences sup-
port reaction but negligible longitudinal bending tensile
strain, due to which high normal stresses are developed in
the bond layer. It has been observed that both normal stress
and normal strain have a peak at support.

Variations of shear stress and shear strain are shown in
Fig. 7c, d, respectively. Variation of shear stress is simi-
lar to the variation of shear strain through the length at
each LPF. At LPFs > 0.40, shear stress and shear strain are
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larger at mid-span and at support than at other locations
creating local peaks. Maximum shear stress in the bond
layer is found beneath the applied load and at supports at

@ Springer

parison of mid-span deflections of VB1, VB2 and VB3 obtained by
FE model and experimental studies

failure load. As discussed earlier, local peaks of normal
stress and normal strain are also observed at the same loca-
tions. These peaks become sharp at LPF=1.00. It can be
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Table 1 Material properties of all the three VBs

Uniaxial tensile
strength of concrete,

Cylindrical uniaxial
compressive strength

Young’s modulus of Uniaxial tensile
adhesive, E, (MPa)

Yield stress of steel
I-section, fys (MPa)

Young’s modulus

strength of adhesive,  of steel I-section, E

of concrete, f,* (MPa) f. (MPa) f ua (MPa) (MPa)
VB1 68 4.0 12,300 19.5 205,000 470
VB2 35 4.0 12,300 15 210,000 235
VB3 39 4.0 12,300 19.5 210,000 275

PE, PE33
(b) (Avg: 75%)

% +9.6e-06
44603

T
T
1

i 15 3

Mid-width longitudinal section of
concrete slab at mid-span

Crushing of concrete at mid-span

Fig.6 Comparison of failure of VB2 a observed experimentally by Souici et al. (2013) and b obtained numerically

stated that high values of normal strain and high values of
shear stress and shear strain occur simultaneously. This is
supported by Fig. 7 for all LPFs, which shows the presence
of higher values of normal strain and peaks in shear stress
and shear strain simultaneously.

Variation in shear force is compared with variation in
shear stress at LPF=0.40 to understand the applicability
of classical beam theory on BFM in this study. Classi-
cal beam theory assumes that the deflection in the flex-
ural member is small compared to its span and the plane
section normal to the longitudinal axis before bending
remains planar after bending. Classical beam theory does
not consider any slip between two elements of a beam.
Further, shear stress is directly proportional to shear force
at the cross-section. Therefore, similarity of the shear
force profile using classical beam theory with the shear
stress profile indicates negligible slip and high or near
full interaction. In other words, it shows good composite
action.

For BFMI1, variation of shear stress (Fig. 7c) at
LPF=0.40 is similar to the variation of shear force (Fig. 8)
obtained using classical beam theory. Therefore, classical
beam theory can be stated to be applicable on BFM1, i.e.
BFM1 exhibits a near full or high degree of interaction.

3.2 Effect of longitudinal variation in loading
arrangement

Three different loading arrangements are applied on BFM
to study the effect of longitudinal variation in loading
arrangements on the behavior of the bond layer. The load-
ing arrangements are mid-span mid-width patch loading
arrangement (LA =1, BFM1), two-position mid-width patch
loading arrangement (LA =2, BFM2), and full-length mid-
width strip loading arrangement (LA =3, BFM3), as shown
in Fig. 9a. Figure 9b—e show a comparison among varia-
tions in normal stress, normal strain, shear stress, and shear
strain at the mid-width longitudinal section of the bond layer
of BFM. All the geometrical and material properties of the
BFM2-3 are the same as BFM1. Among the three BFMs,
BFM3 resists maximum load (785.2 kN) while BEM1 resists
minimum load (580.3 kN) at failure.

BFM1 exhibits highest normal stress and normal strain
at LPF=0.40 and 1.00 at mid-span which is beneath the
applied load (Fig. 9b, c¢). Similarly, BFM2 exhibits high-
est normal stress and normal strain beneath the load (z/
Ly=0.13) at LPF=0.40 and 1.00. At all other points along
the length, BFM3 exhibits the highest normal stress and nor-
mal strain. BFM with full-length mid-width strip loading

@ Springer
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Fig.7 Variations of considered parameters at mid-width longitudinal section of the bond layer of BFM1 along the length at different LPFs: a
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Fig.8 Variations of shear force
along the length for loading
arrangements LA=1, 1A and
1B

Shear force

Shear force profile for LA =1, 1A and 1B
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arrangement, BFM3, experiences abnormally high nor-
mal stress and normal strain at support as the bond layer
experiences imposed loading and high support reaction at
the same location. Normal stress experienced by the bond
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layer of BFM3 at support is 74.4 times the normal stress at
mid-width. Normal stress experienced by the bond layer of
BFM3 is 3.92 times the normal stress experienced by the
bond layer of BFM1 at support.
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Variations of shear stress and shear strain are similar for
each case (Fig. 9d, e). At mid-span, BFM1 exhibits the high-
est shear stress at LPF=0.40 and 1.00. As a patch load is
applied in a small area at mid-span in BFM1, it causes high
normal strain and stress at the location of the patch load at
LPF=1.00. A sharp peak in shear stress is also observed at

the same location. Similarly, BFM2 exhibits a sharp peak
in shear stress at LPF=0.40 and 1.00, at the location of the
applied patch load, z/L,=0.13. At all other points, BFM3
exhibits the highest shear stress for each LPF. Therefore, the
effect of normal forces on the shear stress is evident beneath
the load and supports in all the BFMs at LPF=1.00.
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The variation profile of shear stress at LPF=0.40 is sim-
ilar to the variation profile of shear force obtained using
classical beam theory (Fig. 10) along the length, for each
loading arrangement. As discussed in Sect. 3.1, similarity
of the shear force profile using classical beam theory with
the shear stress profile indicates high degree of interaction.
It is clear that the classical beam theory is applicable on
BFM1-3. Therefore, it can be stated that BFM1-3 exhibit
high degree of interaction.

3.3 Effect of transverse variation in loading
arrangement

Three different loading arrangements are applied on BFM to
study the effect of transverse variation in loading arrange-
ment on the behavior of the bond layer. The loading arrange-
ments are mid-span mid-width patch loading arrangement
(LA=1, BFM1), mid-span full-width strip loading arrange-
ment (LA =1A, BFM4), and mid-span outer-width strip
loading arrangement at mid-span (LA = 1B, BFMY), as
shown in Fig. 11a. Figure 11b—e show a comparison among
variations in normal stress, normal strain, shear stress, and
shear strain at the mid-width longitudinal section of the bond
layer of BFM. All the geometrical and material properties of
the BFM4-5 are the same as BFM1. Among the three BFMs,
BFMI resists maximum load (580.3 kN) while BFM3 resists
minimum load (458.6 kN) at failure.

As a patch load is applied at mid-span, BFM1 exhib-
its highest values of normal stress and normal strain at
LPF=0.40 and 1.00 at mid-span underneath the patch load
(Fig. 11b, c¢). While BFM4-5 experiences tensile normal
stress 0,,(0.00, D.+0.50 D,, z) at mid-span at LPF=1.00.
The maximum value of normal tensile stress in BFM4 and
BFMS are 2.10 and 2.31 MPa, respectively, which are sig-
nificantly lower than the tensile strength of the adhesive. The
transverse distance of the load from the bond layer induces
tensile stress at mid-span in BFM4-5. Tensile stress vanishes
at sections far from the mid-span. Normal strain and stress
in the bond layer of BFM1 are slightly greater than BFM4-5
at the support level.

Variations of shear stress and shear strain are similar for
all the three BFMs (Fig. 11d, e) at LPF=0.40 except sec-
tions near mid-span. At mid-span, BFM1 exhibits the highest

shear stress at LPF=0.40 and 1.00. At LPF=1.00, variation
in the shear stress and shear strain profile of BFM4-5 does
not exhibit any sharp peak at mid-span, which can be attrib-
uted to the load being applied over a larger area compared
to BFM1. Local peaks of shear stress and shear strain are
observed at the location of high normal strain. This happens
due to the influence of high normal stress on shear stress and
shear strain beneath the load and at support in the bond layer.

The variation profile of shear stress (Fig. 11d) in BEM4-5
at LPF=0.40 is similar to the variation profile of shear force
obtained by classical beam theory (Fig. 8), which indicates
applicability of classical beam theory and high degree of
interaction. However, little difference in the variation profile
of shear stress in BFM4-5 at LPF=0.40 and the variation
profile of shear force obtained by classical beam theory is
observed near mid-span. This indicates a change in the load
transfer path as the load is away from mid-width in BFM4-
5. The shear force develops fully in the bond layer exactly
below the load in BFM1 where the load is applied exactly
above the bond layer. On the other hand, the shear force
develops fully at a small distance from load in the bond
layer in BFM4-5 where the load is applied at locations trans-
versely away from the bond layer.

3.4 Effect of width of concrete slab

Effect of width of concrete slab on bond layer of BFM is
studied on four BFM with different width of the concrete
slab (B,), i.e., 1600 mm (BFM1), 3800 mm (BFM6),
950 mm (BFM7), and 475 mm (BFMS8), as shown in
Fig. 12a. All other geometrical and material properties of
the BFM6-8 are the same as BFM1. Among the four BFMs,
BFMG6 resists maximum load (499.8 kN) while BFMS resists
minimum load (351.1 kN) at failure. Figure 12b—e show
a comparison among variations in normal stress, normal
strain, shear stress, and shear strain at the mid-width lon-
gitudinal section of the bond layer of BFM. Normal stress
and normal strain at mid-span at LPF=0.40 are highest for
the BFM with B,=3800 mm and lowest for the BFM with
B.=475 mm (Fig. 12b, c), which can be attributed to the
difference in the failure load resisted by the BFMs. At LPF
1.00, normal stress decreases for all the BFMs, compared
to normal stress at LPF=0.40. At support, normal stress is

Shear force profile for LA =1
—O— Shear force profile for LA =2
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Fig. 11 Variations of considered parameters at mid-width longitudinal
stress, ¢ normal strain, d shear stress, and e shear strain

highest for the BFM with B,=3800 mm and lowest for the
BFM with B,=475 mm at both LPFs.

The variation of shear stress is similar to the variation of
shear strain for each case (Fig. 12d, e). Shear strain is high-
est for the BFM with B,=3800 mm and lowest for the BFM
with B,=475 mm at both LPFs at mid-span and support.

section of the bond layer along the length: a plans of BEMs, b normal

The BFM with B,=475 mm does not exhibit a sharp peak
in normal stress at mid-span at LPF=1.00, unlike for the
BFMs with B,=3800 mm, 1600 mm, and 950 mm. It is
evident that the tri-axial state affects shear stress and shear
strain. It was observed in previous sections that peaks in
shear stress and shear strain are accompanied by peaks in
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Fig. 12 Variations of considered parameters at mid-width longitudinal section of the bond layer along the length: a cross-sections of BFMs, b

normal stress, ¢ normal strain, d shear stress, and e shear strain

normal stress and normal strain for each case. Higher val-
ues of shear stress and shear strain are found at the loca-
tion of the higher value of normal stress and normal strain.
In the case of the BFM with B.=475 mm, the absence of
a sharp peak in normal stress and the absence of a sharp
peak in shear stress at mid-span at LPF=1.00 are observed.

@ Springer

This absence of a peak in shear stress, in turn, results in the
absence of stress depression for the BEM with B,=475 mm
near mid-span at LPF=1.00. On the contrary, stress depres-
sion near mid-span at LPF=1.00 can be seen in case of the
BFMs with B,=3800 mm, 1600 mm, and 950 mm at the
end of the load area (z/L,=0.045), to maintain the shear
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flow. Smaller width of concrete slab leads to a smooth vari-
ation of shear stress and shear strain profile at failure load
except at supports. Shear stress is highest for the BFM with
B.=1600 mm and lowest for the BFM with B,=475 mm at
both LPFs at support.

For the considered BFMs, the variation of shear stress at
LPF=0.40 is similar to the variation of shear force (Fig. 8)
obtained using classical beam theory. Therefore, the consid-
ered BFMs exhibit a near full or high degree of interaction.

3.5 Effect of depth of concrete slab

Effect of depth of concrete slab on the bond layer of BFM is
studied on three BFM with different depth of concrete slab
(D,), i.e., 120 mm (BFM1), 210 mm (BFM9), and 300 mm
(BFM10), as shown in Fig. 13a. All other geometrical and
material properties of the BFM9-10 are the same as BFM1.
Among the three BFMs, BFM10 resists maximum load
(907.2 kN) while BFM1 resists minimum load (481.3 kN)
at failure. Peak normal stress and normal strain at LPF=0.40
decrease with increase in the depth of concrete slab despite
an increase in failure load with the increase in the depth
of concrete slab (Fig. 13b, ¢). This can be attributed to the
increased area of load disbursement at the level of adhesive
due to the greater depth and greater stiffness of concrete
slab. At LPF=1.00, the BFM with D,=120 mm shows
highest and the BFM with D,=210 mm shows lowest nor-
mal stress under the load. On the other hand, the BFM with
D_.=210 mm undergoes highest normal strain at LPF=1.00
under the load. This behavior is due to the combined effect
of higher values of failure load, load disbursement area at
the bond level and stiffness of concrete slab. At support, the
BFMs with D.=210 mm and 300 mm experience abnor-
mally high normal stress and normal strain due to high sup-
port reaction and high stiffness of concrete slab.

The variation in shear stress (Fig. 13d) is similar to the
variation in shear strain (Fig. 13e) for each LPF. The BFM
with D, =120 mm exhibits a sharp peak in shear stress at
LPF=1.00. It is also observed that higher depth of concrete
slab lead to a smooth variation of shear stress and shear
strain profile at failure load except at supports. Though load
resisted by the three BFMs differs greatly, shear stress does
not differ considerably. This happens due to the combina-
tion of increase in the failure load, increase in stiffness of
BFM and upward shifting of the neutral axis with increase
in the depth of the concrete slab. Increase in the failure load
increases the shear flow in the BFM at failure. On the other
hand, increase in stiffness of BFM and upward shifting of
the neutral axis causes reduction in shear flow at the level
of the bond layer.

For the considered BFMs, the variation of shear stress
at LPF=0.40 is similar to the variation of shear force
(Fig. 8) obtained using classical beam theory. Therefore,

the considered BFMs exhibit a near full or high degree of
interaction.

3.6 Effect of Young’s modulus of adhesive

Geometric details of the BFMs considered to study the
effect of Young’s modulus of adhesive on the behavior of
the bond layer are shown in Fig. 14a. The geometric and
material details of all BFMs considered in this section are
the same as BFM1 except variation in Young’s modulus of
adhesive (E,) of 12,300 MPa (BFM1), 1230 MPa (BFM11),
123 MPa (BFM12), and 12.3 MPa (BFM13). It is notewor-
thy that experiments on epoxy-based and polyurethane-
based adhesive to bond structural steel and concrete have
been conducted (Bouazaoui et al. 2007; Si Larbi et al. 2007).
These studies reported that epoxy-based adhesives have high
Young’s modulus (E, = 12,300 MPa) whereas polyurethane-
based adhesives have low Young’s modulus (£, =80 MPa).
Figure 14b—e show a comparison among variations in nor-
mal stress, normal strain, shear stress, and shear strain at
the mid-width longitudinal section of the bond layer of the
considered BFMs. Other than Young’s modulus of adhe-
sive, all other geometrical and material properties of the
BFM11-13 are the same as BFM1. Failure loads of BFM1,
BFM11, BEM12, and BFM13 obtained from FE analysis are
481.3 kN, 460.9 kN, 468.8 kN, and 397.7 kN, respectively.
Peak normal stress at LPF=0.40 and 1.00 decreases with
a decrease in the Young’s modulus of adhesive as BFMs
with lower Young’s modulus of adhesive experienced more
evenly distributed stresses with lesser peaks and troughs
(Fig. 14b). On the other hand, it is seen in Fig. 14c that
the peak normal strain increases with a decrease in Young’s
modulus of adhesive. This can be attributed to the low axial
stiffness of adhesive in BFM12-13 allowing load disburse-
ment over a larger area at the level of adhesive reducing
peak stress.

The variation of shear stress is similar to the variation of
shear strain at LPF =0.40 for each BFM while local peaks of
shear stress are observed at support and beneath the load for
BFM1 and BEM11 at LPF=1.00 (Fig. 14d-e). These peaks
are sharper for higher Young’s modulus of adhesive, which
is in a similar pattern to the normal stress. On the contrary,
local peaks of shear stress are absent for BFMs with lower
Young’s modulus of adhesive (BFM12-13) at LPF=1.00.
It is also noteworthy that the peak values of shear stress of
BFM12-13 are also smaller than those of BEM1,11. The
presence of local peaks in shear stress in BFM1,11 and the
absence of local peaks in shear stress in BEM12-13 indicate
that the shear stress is strongly affected by normal stress at
ultimate load.

The variation of shear stress is similar to the variation
of shear force (Fig. 8) for each BFM with higher Young’s
modulus of adhesive i.e. E, =12,300 MPa and 1230 MPa,
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which indicates a high degree of interaction provided by
these adhesives. Therefore, it can be stated that a high degree
of interaction can be achieved by epoxy-based adhesive. The
variation of shear stress is found to differ from the varia-
tion of shear force in the BFM obtained from classical beam
theory for lower values of Young’s modulus of adhesive i.e.

@ Springer

E, =123 and 12.3 MPa. This indicates that the variation of
the shear stress in the bond layer does not follow classical
beam theory at lower values of Young’s modulus of adhe-
sive, i.e. E, <123 MPa. This behavior can be attributed to
a lower degree of interaction leading to imperfect compos-
ite beam behavior at lower values of Young’s modulus of
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adhesive. Shear stress varying all over the length is observed
for mid-span loading for lower values of Young’s modulus
of adhesive (£, =12.3 MPa).

The effect of variation in Young’s modulus of adhesive on
the behavior of bond layer is substantial. Young’s modulus
of adhesives is seriously affected by temperature (Dai et al.

2013; Gao et al. 2012; Da Silva and Adams 2005). It is note-
worthy that BFMs may experience significant variation in
temperature in lifetime due to exposure to fire. Reduction in
E, in such conditions may lead to failure of BFMs. There-
fore, the effect of temperature on behavior of BFM should
be understood in detail before adopting them in practice.
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3.7 Variation of stress and strain
along the transverse fiber of adhesive bond

layer

Variations of normal stress, normal strain, shear stress, and
shear strain at three different longitudinal sections of bond
layer of BFM are studied on BEM1 at LPFs=0.40 and 1.00
for three different longitudinal sections, viz. mid-width (x/
B,=0.00), quarter-width (x/B,=0.25) and outer longitu-
dinal section (x/B,=0.50), as shown in Fig. 15. At mid-
span, normal stress is highest at mid-width at LPF=0.40
(Fig. 15a). Most of the area of the bond layer is under com-
pression, but significant normal tensile stress is observed at
the outer longitudinal section. The presence of longitudinal

tensile stress in the unconfined outer longitudinal section
causes tensile normal stress. A similar pattern is observed
at LPF=1.00, though compressive stress reduces and ten-
sile stress increases in respective areas. Peaks are observed
in normal stress at supports due to support reaction. It is
observed that the normal stress in the mid-width longitudinal
section is highest and normal stress in the outer longitudi-
nal section is lowest among the three considered locations.
Similar behavior is observed for normal strains (Fig. 15b).
The variations of shear stress and shear strain are shown
in Fig. 15¢, d, respectively. The variation of shear stress is
similar to the variation of shear strain through the length at
both LPF=0.40 and 1.00. Shear stress in mid-width and the
outer longitudinal section is found to be higher while shear
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stress in the quarter-width longitudinal section is found to be
lower for LPF=0.40. At LPF=1.00, shear stress is highest
at mid-width at mid-span. On the other hand, shear stress is
highest at the outer longitudinal section far from mid-span
at LPF=1.00.

4 Conclusions

This study presents a 3D FE model to predict the behavior of
bonded steel-concrete composite flexural members (BFM)
up to failure load. The developed model is validated against
experimental results available in the literature. A numerical
investigation is then conducted to study the behavior of the
bond layer using the developed FE model. The effects of
load proportion factor (LPF), loading arrangement, concrete
slab width, concrete slab thickness, and Young’s modulus of
adhesive are investigated. Variation of normal stress, normal
strain, shear stress, and shear strain in the bond layer is also
studied.

It is observed that at LPF greater than 0.80, sharp peaks
in shear stress, shear strain, and normal strain develop in
the bond layer at the location of the imposed patch load and
support in BFMs with high Young’s modulus of adhesive.
In case of uniformly distributed line load, normal stress
developed at the support level at failure load is 3.92 times
compared to mid-span loading. Among the considered cases,
BFM with uniformly distributed line load experienced about
four times maximum normal stress compared to BFM with
mid-span loading. This happened due to the bond layer being
sandwiched between high load and high support reaction at
the same location.

Maximum shear stress in the bond layer is found beneath
the applied load and at supports at failure load. Full shear
flow and shear stress develop at a small distance from load
in the bond layer in BFM when the load is applied at loca-
tions transversely away from the bond layer. Smaller width
and higher depth of concrete slab lead to a smooth varia-
tion of shear stress and shear strain profile at failure load
except at supports. The variation profile of shear stress at
small LPFs such as 0.40 is similar to the variation profile
of shear force along the length for high Young’s modulus of
adhesive (E, =12,300 MPa, 1230 MPa), indicating a high
degree of interaction. Therefore, a high degree of interac-
tion can be achieved using an adhesive with a high Young’s
modulus. Normal stress and normal strain are highest in the
mid-width longitudinal section of the bond layer. Normal
stress and normal strain decrease with increase in distance
of adhesive fiber from mid-width of the bond layer. In some
cases, normal tensile stress and normal tensile strain may
appear in the outermost longitudinal section at failure load,
which is small compared to the tensile capacity of adhesive.
Shear stress and shear strain are higher at mid-width and the

outer longitudinal section compared to those at the quarter-
width longitudinal section. The most significant parameters
to affect the bond layer are identified as load proportion fac-
tor, longitudinal distribution of load, and Young’s modulus
of adhesive.

Research on BFMs is in preliminary stage. In order to
adopt BFMs in practice, it is important to carry out investi-
gations on various aspects. Obtaining high ductility is one
of the critical aspects. Behavior of BFMs under fatigue load
and seismic load has to be well understood. Also, the effect
of temperature on behavior of BFM should be understood in
detail before adopting these structures in practice.
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