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Abstract

The formation of steel-concrete composites using individual steel and concrete elements is commonly ensured by two dif-
ferent connection techniques at connected interface level: mechanical connectors and structural adhesives. Among these
two connection techniques, the use of structural adhesive for bonding steel and concrete elements is rapidly increasing; pri-
marily owing to uniform transfer of stresses over the entire bonded area. The behaviour of bonded connection with change
in adhesive bond layer thickness at the level of composite interface are analysed using finite element analysis under static
loading to examine the ultimate strength and shear stresses. The failure governing parameters of bonded connections, such
as engendered stresses in terms of von-mises and hydrostatic stresses at bearing ends of the composite interface along with
changes in failure patterns (from adhesive to cohesive) are discussed. Also, the maximum engendered stresses along the
failure plane for different bond layer thicknesses are examined. In case of one mm bond layer thickness the variation in shear
stresses is very high along (39.28 MPa to 23.15 MPa) and perpendicular (34.62 MPa to 16.97 MPa) to the loading direction.
While, the specimen with three mm thickness exhibits maximum load bearing capacity, it also has relatively smaller variation
in shear stresses along (34.91 MPa to 21.72 MPa) and perpendicular (32.72 MPa to 17.20 MPa), which shows uniformity
of stresses with increase in thickness. However, a further increase in the thickness of the bond layer results in reduction in
the shear capacity of the specimen.

Keywords Steel-concrete composite - Structural adhesive - Bond layer thickness - Shear stress

1 Introduction

The development of the construction and infrastructure
industry unwrap new frontiers for materials and structural
engineers. The steel and concrete are the most common
material in current construction industry. Detailed literature
in numerous studies is available on concrete, steel, and rein-
forced concrete as a material as well as structural member to
understand the behaviour under various loading conditions
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(Foraboschi, 2019a, 2019b, 2020). Further, in modern
age demand of new construction material is upsurging to
maximum utilization of positive attributes of each material.
Development of steel—concrete composite as a construction
material plays a significant role to accomplish the modern
construction demand. Steel-concrete composite due to its
inherent advantages over non-composite as well as rein-
forced cement concrete (Kumar et al., 2017a) is being pre-
ferred as a construction material. The principal advantages
are a higher strength to unit weight ratio, and more flexible
construction (Bouazaoui et al., 2007; Ekenel et al., 2006).
Other benefits include the higher ultimate strength of mem-
ber, higher section modulus, more stiffness, and speedier
construction (Ekenel et al., 2006; Ellobody, 2014; Souici
et al., 2013). The ease in repair, strengthening, and retrofit-
ting along with better aesthetics makes the structure durable
as well as economical and acceptable (Kumar et al., 2017a,
2017b; Yu-Hang et al., 2014). The superior performance
of bonded composite members to that of mechanically
connected composite members has led to the widespread
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popularity of the former. Conventionally, the composite
action in the steel-concrete composite members is achieved
through mechanical connectors (Kumar & Chaudhary,
2019), which cause stress concentration at the connected
interface owing to limited availability of connection area
and exhibit poor fatigue life (Bouazaoui et al., 2007; Kumar
et al., 2017a; Souici et al., 2013). Such connections are also
unable to provide high degree of interaction or full interac-
tion at the level of composite interface, even at the maximum
level of application of mechanical shear connector. Also, the
application of higher number of mechanical connectors may
result improper alignment of reinforcement bars in terms of
centre to centre spacing and may induces improper place-
ment of concrete. To resolve the deficiencies of mechanical
connectors, a suitable solution for connection is structural
adhesives. The efficacy of structural adhesives as a connect-
ing material has been thoroughly researched to resolve the
shortcommings of mechanical connectors.

The literature suggests that the application of structural
adhesives as connector at composite interface meets the
requirement of current age. Which involves multi-material
design approach to construct structural member as efficient
and economical solution (Mette et al., 2016). The effective-
ness of structural adhesives as a bonding agent between steel
and concrete interfaces has been, and is still, a subject matter
of research. Owing to the pressure sensitive nature of struc-
tural adhesives, the connection behaviour, ultimate strength,
and failure mechanism of connections varies significantly
with changes in thickness of bond layer. The change in ulti-
mate strength is also evident with the variation in bond area
(Iength and width), specimen geometry and type of stresses
that the connection is experiencing. The influence of bond
layer thickness on connection behaviour is more interven-
ing and rapid. Specially, when the bonded area length is
relatively shorter. The influence of thickness is critical along
the loading direction. The higher thickness of connected ele-
ments (adherends) results in failure of brittle nature (Silva
& das Neves et al., 2009). Geometric aspect of adherend
thickness has been studied by Leefler et al. (2007) and Silva
et al. (2009). They suggest that the deformation traction rela-
tion does not depend on the thickness of elements need to
connect, owing to its low infilteration depth of stress (Bhard-
waj et al., 2021a; Leffler et al., 2007; Silva & das Neves
et al., 2009). As earlier stated, the change in bonded area and
specimen geometry changes the strength of connection, even
the connection experiencing same kind of loading/stresses.
Mechanical properties of adherends also change the failure
mechanism and ultimate strength, load proportion factor and
shear stress factors (Bhardwaj et al., 2021a, 2021b).

The adhesive layer thickness influence on bonded connec-
tion is studied by several researchers. The is no unambigu-
ous judgement on the influence of change in adhesive layer
thickness. Some researchers (Derewonko et al., 2008; Silva
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& das Neves et al., 2009) reported that an increment in adhe-
sive layer thickness at bonded area/at interface level causes
an increase in bond strength, while some others reported
that an increase in adhesive layer thickness at bonded area
decreases the bond strength (Bouazaoui et al., 2007; Colak,
2001; Colak et al., 2009; Kahraman et al., 2008; Kumar
et al., 2018). The threshold level attainment under pull-out
test for steel—concrete composite (reinforcement bar inserted
in concrete cylinder) was attained by Colak (2001). He sug-
gested that the bond strength increases up to adhesive layer
thickness of two mm and start decreasing after this point.
Detailed experimental study on bond layer thickness of
adhesive was conducted by Kumar et al. (2018). Authors
conducted a comprehensive study on steel-concrete com-
posite push out test specimens under compressive loading.
The study shows an increase in up to a certain bond layer
thickness (three millimetre) and after three millimetres, the
change in bond layer thickness shows decrement in connec-
tion strength.

The variation of stresses in adhesive layer was reported
by Silva et al. (2009) and Derewonko et al. (2008). The
conducted studies reported that the structural adhesive with
thin bond layer show high stress intensity or depict high
shear stress concentration. Owing to this high stress con-
centration the bonded adhesive connection fails at relatively
lower applied load level. The failure behaviour analysis
shows at composite interface early attainment of ultimate/
failure strain prior to the initiation of stress dispersion in
surrounded area. Other similar studies conducted by Sch-
nerch et al. (2007) and Buyukozturk and Hearing (1998) on
composite connection behaviour. The magnitude of stresses
generated in the adhesives at the edge of bonded joint in
shear and peeling shows significant change with the change
in applied thickness of adhesive (Schnerch et al., 2007).
The authors examine the failure mode of composite con-
nection in retrofitted reinforced concrete flexural member.
The results show that the change in adhesive layer thickness
affects the failure mode. The common modes of failure in
retrofitted reinforced concrete beams are flexural compres-
sion, shear, layer expulsion in concrete, and delimitation of
fibre reinforced polymer (Buyukozturk & Hearing, 1998).
As an extension of previous study, concrete-adhesive-fibre
reinforced polymer composite bonded system with varying
concrete element strength investigated by Lopez-Gonzalez
et al. (2012). The study shows that the correction estima-
tion of bonded connection is only possible when adhesive
and adherends, both have almost same strength and, the
failure governed by the composite interface. If adherends
is the weakest component in component in composite, the
failure always happens in weakest component and bond
layer thickness of adhesive does not affect the strength of
connection significantly. The interfacial failure varies with
change in adhesive layer thickness, owing change in stress
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redistribution capacity with the change in thickness of adhe-
sive layer (Lopez-Gonzalez et al., 2012).

The possible reason behind slack in connection integ-
rity in terms of effectiveness is variation in thickness. Thus,
the adhesive connection with lesser bond layer thickness
increases the connection efficiency. The increase in connec-
tion efficiency shows positive influence on bond strength
(Cognard et al., 2005; Frigione et al., 2006). And, also shows
increase in connection efficiency in terms of connection
capacity (ultimate strength) and in terms of stiffness/rigidity
(degree of interaction) (Jurkiewiez et al., 2011). The varia-
tion in bond strength in shear loading (Mode-II) was exam-
ined by Stigh et al. (2014). The outcome of conducted study
shows linear increment in the compliance (flexibility) with
change (increase) in the thickness of adhesive bond layer.

A study conducted by Martiny et al. (2012) find that
the fracture energy of connection associated with adhe-
sive bonded metallic connection. The study is conducted
on bonded connection experiencing peel loading (Mode I).
The results show adverse effect on bond fracture energy with
the increment in adhesive layer thickness, which is used to
forge a connection between metal surfaces. A similar para-
metric study on variation in fracture energy with the change
in adhesive layer thickness conducted on Aluminium sub-
strates by Cooper et al. (2021). The reported results sug-
gested that energy associated with fracture in bonded con-
nection changes with the change in bond layer thickness.
Initially, the change in fracture energy is proportional to
the bond layer thickness and it remains constant beyond a
certain thickness of bond. A complete study on peel and
shear mode was conducted by Carlberger and Stigh (2010).
They observed a relation between the fracture energy asso-
ciated in Mode I and II (peel and shear mode) and adhe-
sive layer thickness. The relationship is proportional up to
a certain level of bond layer thickness beyond which the
fracture energy in both (shear and peel) modes decreases
with increase in bond layer thickness.

The influence of adhesive layer thickness in metallic
connection is studied by Zhao and Zhang (2007). They
present a comprehensive review on carbon fibre reinforced
polymer strengthened steel members. The study sug-
gests that failure modes are strongly influenced by bond
layer thickness. Cohesive connection failure was found
in thin layered adhesives. Whereas an increase in thick-
ness changes the failure mode from cohesive to complete
adhesive or a combination of adhesive and cohesive mode.
Among all, behaviour of steel-concrete composite con-
nection interface in detail has not been studied in light of
shear performance. Kumar et al. (2018) and Kumar (2013)
carried out preliminary experimental investigations to
study the feasibility of adhesive-bonded composite con-
nection and composite interface. The vertical push-out
test on steel-concrete composite bonded specimens was

performed in accordance with EC4 (EC4 & Eurocode4,
2004) and the study conducted to find the bond capacity
and ultimate shear strength for the adhesive layer. Another
aim to conduct experimental study was to find the influ-
ence of bond layer thickness on connection failure mecha-
nism. The experimental study conducted by Kumar et al.
(2018) shows a good correlation between adhesive bond
layer thickness, connection shear capacity, and failure
mechanism. They found that the connection shear capac-
ity increases upto a certain limit of adhesive layer thick-
ness, which was three mm. After three mm, the connection
capacity is dropping from its maximum value. The failure
mode also varies with the change in adhesive layer thick-
ness. Initially, the connection fails in adhesive mode up
to two mm of thickness. After two mm, the failure mode
changes from adhesive to mixed (adhesive and cohesive)
and from mixed to cohesive. The variation of connection
shear strength and connection stiffness is shown in Fig. 1.

2 Need of the Study

The literature presents a broad outlook about connection
strength, stress variation at bonded interface, and failure
mechanism of metal-metal, metal-composite, metal-fibre,
and fibre—fibre composite interface with the variation in
adhesive layer thicknesses. The connection strength of
bonded steel-concrete composite specimen with variation
in bond layer thickness has been investigated in detail. But,
the stress variation and interfacial behaviour of connec-
tion has not been yet presented. Therefore, the variation in
bond strength as well as stresses at composite interface is
considered in current study. A parametric numerical study
is conducted on push-out test specimens using finite ele-
ment software ABAQUS (ABAQUS, 2013). The stress
variation of bonded area (along the length and width) or
composite interface are plotted. The amount of maximum
and minimum stresses is also reported.

12

Shear strength (MPa)
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Adhesive layer thickness (mm)

Fig. 1 Change in shear strength with bond layer thickness for steel—
concrete composite connection
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3 Material Modelling

The mechanical properties of materials along with their
mathematical models for finite element analysis are listed
in this section in details. The accuracy of finite element
analysis depends on adequate modelling of the material
behaviour. The steel-concrete composite specimen con-
sists of three independent elements, namely, concrete slab,
steel column section, and structural adhesive.

3.1 Concrete

The effective finite element simulation of concrete requires
adequate estimation of linear and non-linear behaviour of
material in terms of mathematical model. Several standard
material models exist to capture the behaviour of concrete,
such as, Drucker-Prager model, Mohr- Coulomb Plastic-
ity model, Smeared Cracking model, Concrete Damaged
Plasticity model. The present study requires adequate esti-
mation of compressive and tensile behaviour of concrete.
Concrete, as a material, exhibits entirely different proper-
ties in compression and tension. The propagation of cracks
along with the post-cracking behaviour of concrete is a
critical parameter that governs the selection of appropriate
analytical model.

The elastic behaviour of concrete has been modelled in
ABAQUS (ABAQUS, 2013) as a linear elastic material
model with isotropic hysteretic properties. The value of
density, elastic modulus, and Poisson’s ratio have been
assigned. In compression, the value for elastic range
(stress is directly proportional to strain) is 0.4f,. Beyond
this limit, the plastic behaviour of concrete in the present
study is simulated using the Concrete Damaged Plasticity
(CDP) model. The model uses the concepts of isotropic
damaged elasticity in combination with isotropic plastic-
ity (tensile and compressive) to incorporate the inelastic
behaviour of concrete. The CDP model assumes that the
two main failure mechanisms in concrete are the compres-
sive crushing and the tensile cracking. The compressive
behaviour of concrete, in the inelastic region, has been
incorporated in CDP model using behaviour suggested
by Carreira and Chu (1985). The expression for uniaxial
compression given in Egs. 1 and 2, are

Table2 Compressive strength and flexure strength of concrete after
7 and 28 days

IS desig-  Compressive strength (MPa) Flexural strength
nation (MPa)
7 days 28 days 7 days 28 days
M 60 61.33 73.46 5.39 5.64
» (7€ ).
%= 5 (1)
u yc—l+<<£c/gjﬁ.) >
y. = 1
= —
2
1= (fe/Ee) @

where o€ is compressive stress of concrete, € is compressive
strain in concrete, f is stress corresponding to strain &

c
f
Under uniaxial tension, the stress—strain response of

concrete remains linear in the elastic range followed by a
brittle yield at failure stress, beyond which, microcrack-
ing in concrete initiates. This microcracking leads to strain
localization at the section, that is mathematically represented
by softening response in the stress—strain relationship. The
tensile behaviour of concrete as suggested by Carreira and
Chu (1985) has been employed to model the elasto-plastic
material characteristics.

An experimental study was conducted to predict the
concrete material behaviour and to validate the numerical
model. Concrete mix proportioning is carried out in accord-
ance with the ACI 211 (Committee Report211.1, 2002)
specifications. The concrete is prepared using PPC cement
with 10 mm and 20 mm coarse aggregates, along with Zone
II sand; fine aggregate as specified in the BIS 383 (Stand-
ard, BIS:383, 2016), regular tap water, and superplasticizer.
Ratio of ingredients for concrete mix proportioning and
quantity of ingredients per cubic meter are shown in Table 1.

3.1.1 Compressive and Flexure Strength

The compressive strength and flexure strength
tests are performed on 150 mm size cubes, and
100 mm % 100 mm X 500 mm size beams cured for 7 days and
28 days. for all concrete. The average compressive strength

Table 1 Ratio of ingredients for

. o Cement Sand Aggregate Water Plasticizer
concrete mix proportioning
10 mm 20 mm
Ratio 1.00 1.14 1.81 1.20 0.32 1.51
(kg/m®) 457.00 521.89 823.34 550.23 146.24 6.86
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(f.x) and flexure strength (f,,) of concrete at 7 days and at
28 days, as observed, are reported in Table 2.

3.1.2 Modulus of Elasticity

The modulus of elasticity for the prepared grade of con-
crete is evaluated by conducting compression test on
150 mm X 300 mm standard specimens, as prescribed in
ASTM C469/C469M (Standard, ASTM. C469/C469M, 2014).
The deformation in concrete specimens is measured using one
compressometer in longitudinal direction and one extensom-
eter in lateral direction. The stress dependent loading rate of
(0.241+0.034 MPa/s) is maintained during the entire testing
process. The applied load and the corresponding strain (longi-
tudinal and lateral) are measured (1) at the longitudinal strain
of 0.00005, and (2) at the load of 40% of the ultimate load. The
modulus of elasticity is calculated using Eq. (3) suggested by
ASTM C469/C469M (Standard, ASTM. C469/C469M, 2014),
as given below,

(0-02 - O-cl)
E =—" "
© (5= 0.00005) ©

where, o, is the stress corresponding to longitudinal strain
€, 0f 0.00005, and 6, & €, are stress and strain correspond-
ing to a load level of 40% of the ultimate load. The elastic
modulus obtained using Eq. (3) is reported in Table 3.

3.2 Structural Steel

A material model of structural steel is defined to effectively
simulate the behaviour of steel elements in composite speci-
mens. An elasto-plastic strain hardening model is employed
to capture the structural steel behaviour.

3.2.1 Tensile Strength Test

The tensile strength tests are carried out on coupons cut
from flange and web of steel sections. The tensile test
specimens, with circular cross-section, are prepared in
accordance with the BIS 1608 (Standard, BIS 1608, 1608).
The schematic geometry and dimensional details of mild
steel coupon are shown in Fig. 2. A strain dependent load-
ing rate of 70 um/s is maintained for the entire testing
process. The yielded coupon is shown in Fig. 3, a stand-
ard failure mechanism is observed with the formation of
the neck near the middle portion of gauge length. For all

Table 3 Elastic modulus of
concrete along with concrete
grades

Designation C

IS designation M 60
Elastic Modulus (MPa) 38,981

3.75 mm 28 mm 3.75 mm 25mm 8 mm

| 25 mm - | o

m—_

5 mm

Fig.2 Side view and cross-sectional view of circular tensile test cou-
pon

the coupons, a cup-cone type failure is observed. Table 4
presents the mechanical properties (average) of tested
coupons. The tested coupons have an average yield (0.2%
offset) strength of 262.83 MPa and an ultimate strength of
423.67 MPa. Also, the tensile strain at initiation of elonga-
tion and ultimate failure are obtained as 0.0136 and 0.319,
respectively. Figure 4 shows applied load elongation curve
of tensile test coupon.

3.2.2 Elastic Behaviour

The elastic part of the material model is defined as lin-
ear with isotropic hysteretic properties. The value of den-
sity, elastic modulus and Poisson’s ratio are assigned, as
obtained through the tests carried out on the individual
material specimens. The elastic behaviour of steel is
defined to be governed by Eq. (4).

015 = E5E; )

where o, is the stress in steel at any instance, £, is the strain
in steel at corresponding stress level, E; is the Young’s mod-
ulus of steel.

3.2.3 Plastic Behaviour

The plastic part of the material behaviour is defined using
a tri-linear model, representing the plastic region (hav-
ing a strength plateau) and the strain hardening region
(increasing strength with a gentle slope), upto the ultimate
strain (0.189 for structural steel). The stress—strain curve
for structural steel coupon is shown in Fig. 5. The values
or coordinates of tri-linear points are determined from
experimental values detailed in Table 4.

Neck formation and cup cone failure

—_—

Fig.3 Tensile test coupon after failure
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Table 4 Tensile properties of coupons obtained from steel sections

Elastic modulus (MPa) Yield stress (MPa) Yield strain

Ultimate stress (MPa)

Ultimate strain ~ Failure strain ~ Elongation (mm)

2,002,263.05 262.83 0.0136 423.67 0.189 0.319 8.93
10000 tensile and compressive strength of selected structural adhe-
sive. The details of the same are presented in this section.
8000
3
g 6000 3.3.1 Tensile Strength Test
5
Z 4000 ) ) )
<& Tensile strength tests on bulk epoxy specimens are carried
2000 out as per ASTM D 638 (Standard, ASTM. D 638, 2014)
using prismatic coupons. The geometric details of rigid
0 . . - .
00 20 20 0 50 100 adhesive coupon for tensile test are shown in Fig. 6. Strain

Elongation (mm)

Fig.4 Applied load-elongation curve for steel coupon under tensile
loading

500

Stress (MPa)
N jo5] >
f=} f=1 j=l
(=} (=] (=]

=
(=3
(=}

0 0.05 0.1

Strain

Fig.5 Idealised tri-linear stress—strain curve for structural steel cou-
pon

3.3 Structural Adhesive

The simulation of behaviour of epoxy adhesive in finite
element analysis is carried out using linear Drucker-Prager
model. The use of von-mises yield criteria along with hydro-
static stress sensitivity in the linear Druker-Prager model
effectively captures the mechanical behaviour of epoxy
adhesive. Standard tests are carried out to determine the

Fig.6 Geometric details and

based tensile load is applied on the specimen at a constant
rate of 17 um/s. Figure 7a, b shows the photographs of the
specimen during the test and after failure. Figure 8 shows the
obtained stress—strain curve for bulk epoxy adhesive. The
curve shows that the stress—strain relationship of bulk epoxy
follows an almost linear path up to failure. The behaviour of
epoxy adhesive under tensile loading is unyielding (inflex-
ible). The results of tensile test of bulk epoxy specimens, as
reported in Table 5.

3.3.2 Compressive Strength Test

Compressive strength tests on bulk epoxy specimens are
performed as per ASTM D695 (Standard, ASTM. D 695,
2015) specifications. Five identical cylindrical specimens
of diameter 12.7 mm and height 25.4 mm are subjected to
compressive load in universal testing machine (UTM). A
constant strain rate of 17 um/s is applied. Figure 9a shows a
schematic view of bulk epoxy cylindrical specimen, along
with the geometric details. Figure 9b, ¢ show the epoxy
specimen subjected to compressive loading and the brittle
failure of the specimen respectively. It can be observed that
the failure plane is inclined at an angle of 45° from load
bearing (horizontal) face representing shearing failure. The
results of the compressive tests are presented in Table 6 and
the stress—strain behaviour of epoxy specimen is shown in
Fig. 10.

165 mm

T

shape of bulk epoxy adhesive
specimen for tensile test |

115 mm

—»| l«—3.2 mm

57 mm
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Failure Pattern

Fig.7 Bulk epoxy specimen subjected under tensile loading in servo
control universal testing machine and failed specimen, (a) epoxy
specimen subjected under tensile loading in UTM and (b) epoxy
specimen after tensile failure

@W W
S

N
Ny

Juny
N

Tensile stress (MPa)
_
®

(o)}

o

0 0.001  0.002  0.003

Strain

0.004 0.005  0.006

Fig.8 Load-elongation curve for bulk epoxy adhesive specimen
under tensile loading

Table 5 Tensile test results of bulk epoxy specimen

Yield Yield Ultimate Ultimate  Failure Elastic

stress strain stress strain strain modulus

(MPa) (mm/mm) (MPa) (mm/mm) (mm/ (MPa)
mm)

- - 30.08 0.00496  0.00515  7551.88

4 Test Geometry and Methodology
4.1 Test Geometry

The behaviour of steel-concrete composite specimens
under direct shear is evaluated using push-out test. For this
purpose, small-scale composite specimens are prepared in
the laboratory, and subjected to vertical push (compres-
sive shear) such that the shear forces are introduced at the
connecting interfaces, and consequently transferred from
one element to another through the connection. With the

application of load, a relative slip is observed between the
steel and concrete elements, because of deformation in
connection material. The push-out test specimens can be
performed by two different methods, namely, (1) horizontal
push out test, in accordance with BIS 11384 (Standard, BIS
11384, 2022) and (2) vertical push out test in accordance
with BS 5400 Part I (Standard, BS 5400 Part I, 2007), EC4
(Standard, Eurocode 4, 2004) and IRC 22 (Standard, IRC 22,
2015). In the present study, vertical push out tests are carried
out to determine the connection behaviour.

4.1.1 Vertical Push-Out Test

The vertical push-out test specimens consist of a steel col-
umn of size UC 152@37 kg/m, of length 350 mm having
bonded structural adhesive on both the flanges with rein-
forced concrete slab on each side (350 x 300 x 100) The
standard arrangement of a push-out test specimen as per
EC4 (2004) is shown in the Fig. 11.

The effect of bond layer thickness on the performance of
connections is analysed through vertical Push-out Test speci-
men. A parametric numerical study, with specimens having
five different bond layer thicknesses of 1 mm, 2 mm, 3 mm,
4 mm, and 5 mm is conducted. Five different values of thick-
nesses provide an insight on the failure modes of connection
interfaces in the specimens. The finite element (FE) analysis
software package ABAQUS (ABAQUS, 2013) is used. All
elements (concrete slab, steel section and adhesive layer) are
modelled as three-dimensional elements to increase com-
putational accuracy. A uniform mesh is developed using
three dimensional eight-noded brick elements with reduced
integration (C3D8R). Owing to the symmetry of the push-
out specimens in terms of loading, boundary conditions and
geometry, a quarter model is analysed to simulate the experi-
mental conditions. To model the quarter part of push out test
specimen half concrete slab (350 Height x 150 Width x 100
Depth) is modelled with zero displacement on continuous
edge. Quarter part of steel section with half web thickness
is modelled with zero displacement on continuous surface.
Half of the adhesive layer is modelled. The details of the
modelled specimens along with boundary conditions are
shown in Fig. 12. Different mesh sizes have been tried to
achieve the convergence of FE analysis results.

5 Validation with Experimental Results

The verification of the numerical model has been carried out
by comparing the results obtained from Finite Element (FE)
analysis and experimental (push-out test) results published
by Kumar et al. (2018). Figure 11 shows the geometry of an
experimental push-out test specimen. Since the geometry of
push-out test specimens is symmetric about both the X- axis
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Fig.9 Compressive testing; a
side and cross-sectional view
of circular compressive test
specimen b specimen subjected
under compressive loading and
¢ specimen after failure

25.4 mm

Failure line

Table 6 Compressive test results of bulk epoxy specimen

Yield Yield Ultimate  Ultimate  Failure Elastic
stress strain stress strain strain modulus
(MPa) (mm/mm) (MPa) (mm/mm) (mm/ (MPa)
mm)
73.94 0.0129 82.073 0.0228 0.0517 7537.78
100
’E
S 80
_f? 60
wn
2
‘@ 40
g
g 20
o
@)
0
0 0.01 0.02 0.03 0.04 0.05 0.06
Strain

Fig. 10 Compressive stress—strain curve for bulk epoxy adhesive
specimen under compressive loading

and Y-axis, thus, to reduce the computational effort quarter
finite element model is prepared (as shown in Fig. 12). Since
this is a validation study, only the steel-concrete compos-
ite push-out test specimen with three mm bond layer thick-
ness is modelled. The ultimate capacity along with relative
slip of bonded specimen has been compared with experi-
mental results obtained by Kumar et al. (2018). Figure 13
shows a comparison of the load-slip curve obtained through
finite element analysis and experimental investigation. It is
evident from Fig. 13 that both finite element analysis and
experimental study performed by Kumar et al. (2018) are
in close agreement with each other. The maximum obtained
values for applied load and relative slip along with varia-
tions in ultimate values are reported in Table 7. The maxi-
mum attained values for applied load (ultimate strength)

@ Springer

12.7 mm

Top loading plate

Bottom loading plate Epoxy specimen

and relative slip in FE Analysis are about 123.46 kN and
27.90 pm; as compared to the corresponding experimental
values of 119.96 kN and 32.91 pm, respectively. The varia-
tions in ultimate strength and relative slip are about 2.83%
and 17.95%, respectively. The high variation in relative slip
in experimental study conducted by Kumar et al. (2018) and
FE Analysis are attributed to the uncertainty in experimental
results.

6 Results and Discussion

The results have been obtained for half of the adhesive layer
width and for remaining half width same results are consid-
ered. Firstly, the ultimate strength of bonded steel-concrete
composite push-out test specimen in terms of maximum
shear stress with bond layer thickness were plotted for all
five thicknesses. Further, the maximum shear stresses of
the interfacial adhesive layer, between steel and concrete
elements, in terms of the variation in shear stress along the
length and width of the layer, are discussed in this section.
The effects of variation in thickness of adhesive layer are
underlined.

6.1 Bond Strength Variation in Connection

Maximum load applied over the bonded composite push-
out test specimens, bonded area, and magnitude of shear
stresses in terms of ultimate strength are outlined in
Table 8. The graphical representation for the variation in
bond shear strength with respect to the thickness of adhe-
sive layer is presented in Fig. 14. The results suggest that
with an increase in thickness of adhesive layer the shear
capacity of bonded connection increases up to a thickness
of three mm. The increment in shear strength is found
to be 17.18%, from 10.24 to 12.00 MPa with increase in
thickness from one mm to three mm, respectively. How-
ever, for the thicknesses of adhesive layer beyond three
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Fig. 11 Steel—concrete compos-
ite vertical push-out specimen
bonded with adhesive as per
EC4 (2004); a top view and b

Structural adhesive Loading

Steel section

side view

<

oncrete slab
tructural adhesive

Steel section

Uniformly distributed load (-
direction)

Steel section
Adhesive laye

Concrete slab

Boundary co;

U;=0U=0 (at the

discontinued edge of I-section
web)

Table 7 Comparison in bond strength—relative slip curve of steel—
concrete composite push-out test specimen obtained from experimen-
tal study by Kumar et al. (2018) and FE analysis

Experimental Finite Variation (%)
(Kumar et al., element
2018) analysis
Applied load (kN)  123.46 119.96 2.83
Relative slip (pm) 27.90 3291 17.95

Table8 Bond strength of steel-concrete composite push-out test
specimen with bond layer thickness

Adhesive layer =~ Maximum load (N)  Bonded Ultimate
| thickness (mm) area (mmz) strength (N/
U;=U,=Us= e bottom of concrete element) mm2)
1 102,395.51 10,000 10.24
Fig. 12 Geometric details of FE quarter model of steel-concrete
composite Push-out test specimen 2 107.401.23 10,000 10.74
3 119,956.79 10,000 12.00
4 102,185.18 10,000 10.22
140 5 92,950.62 10,000 9.30
120 T =
Zw | L | |
= e mm, the connection strength is observed to decreases.
§ 80 ) ,,,.";'/ The decrease in shear strength is 22.50%, from 12.00 to
g 60 S Experimental, Kumar et al. (2018) 9.30 MPa with increase in thickness from three to five mm,
& 40 /"/ respectively. This reduction can be attributed to the con-
< / — - — Finite Element Analysis .
0 // centration of stresses along the edges of the bonded area.
2 The higher concentration of stresses at the steel-matrix-
0 0 5 10 15 20 ”s 20 a5 concrete interface at edge leads to shear yielding of con-
Relative Slip (jim) nections having thinner adhesive layers (1 mm and 2 mm),

Fig. 13 Variation of relative slip with applied load curve for three
mm thick adhesive layered steel-concrete composite specimen

while for adhesive layers having thicknesses of 3 mm and
beyond the failure is attributed to the pressure sensitive
behaviour of the adhesive leading to development of high
hydrostatic tension in adhesive layer.
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Fig. 14 Variation of bond strength with change in thickness of adhe-
sive layer

6.2 Stress Variation in the Bonded Area

The variation of shear stresses along the length (z-axis)
and width (y-axis) (Fig. 12), of the bonded area determines
the behaviour of connections. The results of the finite ele-
ment analyses are used to determine the distribution of
shear stresses in the bonded area and to gain insight on
the connection behaviour under compressive loading. For
this purpose, the specimens with different thicknesses of
adhesive layer (1 mm, 2 mm, 3 mm, 4 mm, and 5 mm) are
analysed. The variations of shear stress (S,, or §;,) across
the width of the adhesive layers and shear stress (S,, or
S,3) across the length of the adhesive layer of each thick-
ness are shown in Figs. 15, 16, 17, 18 and 19. The figures
show the variation of shear stresses in the adhesive layer,

Fig. 15 Variation in shear
stresses along the width and
length of the bonded area for
one mm thickness

Shear Stress (MPa)

@ Springer

along the width of the bonded area (at the top, middle and
bottom levels) and also along the length of bonded area (at
the left, centre and the right edges) of the bonded width.

6.3 Bond Layer Thickness of one mm

The variation of shear stresses (S,, or §;,) along the width
and (S, or S;) along the length of the bonded area are
shown in Fig. 15. It is observed that along the width
the top and bottom edges of the bonded area are sub-
jected to maximum stresses. The maximum shear stress
of —39.27 MPa is observed at the bottom of adhesive layer
along the concrete bearing edge, while the maximum shear
stress of —34.626 MPa occurs at the top surface of adhe-
sive layer in the starting edge along the interface in the
direction of loading. It is also observed that the magni-
tude of shear stresses in bonded area attains maximum
magnitude at the bottom most edge. The concentration
of stresses along the bonded edges is the most probable
reason for the observed behaviour.

The failure occurs because the shear stresses surpasses
the permissible value of shear stress along the bonded
edges leading to shear yielding at the discontinuous edge.
The comparison between stress variation along the top
(black) and bottom (magenta) width of the model is evi-
dent in Fig. 15. The critical magnitude of shear stresses
along the edges in general, and bottom edge in particular,
leads to failure in the bonded interface.

m— Left edge
m— fid width
Right edge
I TOP
Mid depth
f— Bottom
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Fig. 16 Variation in shear

stresses along the width and

length of the bonded area for

two mm thickness 10+

Shear Stress (MPa)
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1 {id width
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e
oy (ny
Y
Fig. 17 Variation in shear
stresses along the width and
length of the bonded area for
three mm thickness 10
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6.4 Bond Layer Thickness of two mm

The variation of shear stresses (S,, or S;,) along the width
and (S,, or S;3) along the length of the bonded area for
the model having two mm thickness of adhesive layer is
shown in Fig. 16. The observed negative maximum shear
stresses at the top and bottom surfaces of the bonded area are
32.204 MPa (in the starting edge of the interface in the direc-
tion of loading) and 33.514 MPa (along the edge at the con-
crete bearing end), respectively. The observed magnitudes
of shear stresses are lower as compared to one mm thick

0 o

— Left edge
w— 0id width
Right edge

— Top
Mid depth

bond layer. Nonetheless, the connection strength has been
observed to increase (approximately 4.88%) from 10.24 MPa
for one mm thick adhesive layer to 10.74 MPa for two mm
thick adhesive layer. It shows that the concentration of shear
stress reduces with increase of adhesive layer thickness. In
case of both one mm and two mm thickness of adhesive lay-
ers, the failure is attributed to the increase in induced shear
stresses beyond the permissible limit. However, the permis-
sible stresses themselves vary due to hydrostatic condition,
which leads to higher ultimate strength. The variation of
shears stresses along the width of the adhesive layer at the
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Fig. 18 Variation in shear

stresses along the width and

length of the bonded area for

four mm thickness 10

Shear Stress (MPa)
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Fig. 19 Variation in shear
stresses along the width and
length of the bonded area for
five mm thickness 10
0.
«
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"
n
&
& -20 4
e
£
w 'w ~

top (black), middle (cyan) and bottom (magenta) levels are
also shown in the Fig. 16. The comparative observation of
the variation in shear stresses at the top and bottom surfaces
of the adhesive layer along the width highlights the critical-
ity of these edges in the determination of failure mode of
the specimen model.

6.5 Bond Layer Thickness of three mm

The variation of shear stresses along the width and the length
of the bonded area, for composite connection having three

@ Springer
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mm thickness of adhesive layer, is shown in Fig. 17. The
maximum shear stresses are observed at the edges of bonded
area. The maximum shear stress at the top of the bonded
area, along the starting edge of the interface in the direction
of loading, is —32.717 MPa. Also, the maximum shear stress
along the bottom edge of the of the bonded area is observed
to be —34.91 MPa. The stress distribution profiles along the
length and width of the adhesive layer exhibit a more uniform
distribution of stresses over the entire bonded area. The results
of the finite element analysis also suggest that the increase in
thickness of adhesive layer from one mm to three mm leads
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to an increase of 17.18% (from 10.24 to 12.00 MPa) in the
connection strength. The reason of failure in this case is the
increase in shear stress in the bonded area over the shear
strength of the connection.

6.6 Bond Layer Thickness of four mm

Figure 18 shows the variation of shear stresses along the width
and the length of the bonded area, for the composite connec-
tion having adhesive layer thickness of four mm. The figure
suggests that the maximum shear stresses in the bonded area
occur at the top —26.839 MPa and the bottom —25.965 MPa
edges, along the width of the specimen model. The results
suggest that for the four mm thickness of adhesive layer, the
shear stresses are distributed uniformly along the width of the
bonded area. Also, the maximum stresses observed in this case
are significantly lesser than those observed for lower thick-
nesses of the adhesive layers. However, the bond strength
of the composite connection having four mm thickness of
adhesive layer is observed to be lower than that of three mm
thick adhesive layer by approximately 14.82%. The ultimate
behaviour in case of higher thicknesses of adhesive layers is
governed only by the properties of the adhesive used, owing
to increasingly uniform distribution of stresses. The pressure
sensitivity of adhesive layer increases the magnitude of hydro-
static stresses and von-mises equivalent stresses.

6.7 Bond Layer Thickness of five mm

For the composite connections having bond layer thickness
of five mm, the variation of shear stresses (S, or §,,) along
the width and (S, or §}3) along the length of the bonded area
are shown in Fig. 19. The maximum shear stresses along the
width of the bonded interface are observed to be — 19.77 MPa
at top edge (starting edge of bonded area in loading direction)
and —21.826 MPa at the bottom edge (concrete bearing end
side). The stress variation along the bonded area exhibits the
most uniform stress distribution, among all the considered cases
(one mm to five mm). The failure mode in such cases occurs at
the lower stress level and is governed by the interlayer stresses
along the pressure sensitive adhesive layer. Similar nature of
conclusions has been suggested in study conducted by Cognard
et al. (2011) on bulk adhesive specimen. The study suggest that
the adhesives are pressure sensitive in nature. The magnitude of
Von-mises equivalent stresses and hydrostatic stresses changes
with change in thickness of adhesive layer.

7 Conclusions

The behaviour of steel-concrete composite push-out test speci-
mens under monotonic loading is investigated through finite
element analysis. The failure mechanism of the steel—concrete

composite interfaces, having five different thickness of adhe-
sive layers (one mm to five mm) are discussed in the light
of the shear stress results obtained. The variations in bond
strength as well as the shear stresses variation in the bonded
area are also discussed to gain insight on the overall push-out
behaviour. The primary conclusions drawn from the present
study are:

e The bond strength of steel-concrete composite interface
depends on the thickness of adhesive layer. The strength
of adhesive bonded connections increases with an increase
in thickness of adhesive layer upto certain level, which can
be addressed as optimum thickness (three mm), beyond the
optimum thickness (after three mm) the overall connection
strength decreases with increase in bond layer thickness.

e The mode of failure of bonded connections varies from
complete adhesive to mixed mode, and from mixed to com-
plete cohesive mode with increase in thickness of adhesive
layer.

e Edges of the bonded area are subjected to maximum shear
stresses along their respective longitudinal and transverse
direction of loading. However, in all cases, the maximum
shear stresses are observed at the top and bottom bear-
ing edges, across the direction of loading. The magnitude
of shear stresses is maximum at the corners (all four) and
decreases along the length and width of the bonded area
towards the centre.

e The magnitude of maximum shear stress at corners
decreases with increase in thickness of adhesive layer.
This decrement in maximum magnitude is gradual up to
optimum thickness, beyond which a steep decline in the
magnitude of maximum shear stress is observed.

e With an increase in the thickness of the adhesive layer
the difference in maximum and minimum values of shear
stresses reduces. For instance, for the adhesive layer thick-
ness of one mm the variation is 96.56%, while for the adhe-
sive layer thickness of five mm, the variation is 87.40%.

e For lower thicknesses such as one mm, the concentration
of stresses along the edges leads to high intensity of shear
stresses.
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