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Abstract.

This study investigates numerically the behavior of tilted angle shear connectors embedded in solid concrete slabs.

Two different tilted angle connectors were used, titled angle with 112.5 and 135 degrees between the angle leg and steel beam
flange. A nonlinear finite element model was developed to simulate and validate the experimental push-out tests. Parametric
studies were performed to investigate the variations in concrete strength and connector’s dimensions. The results indicate that
the ultimate strength of a tilted angle shear connector is directly related to the square root of the concrete compressive strength.
The effects of variations in the geometry of tilted angle connectors on the shear capacity are discussed in details. Based on the
numerical analyses, two equations are proposed to estimate the ultimate capacity of tilted angle shear connectors of 112.5 and

135 degrees in the defined range of parameters.
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1. Introduction

Shear connectors are an important part of the design of
composite beams. An effective connector provides for
adequate shear strength for full composite action between
the steel beam and concrete (Mirza and Uy 2009, Shariati et
al. 2015a). In addition, its ductile behaviour can alarm
imminent collapse. The ease of construction and
economical aspects are also of concern. The search for new
connectors that satisfy these criteria continues and
innovative developments appear routinely (Yahya Kasim
Al-Darzi and Chen 2006). Nowadays, several types of
connectors are available such as stud, Perfobond, channel
and angle connectors. The angle shear connector provides
for shear strength through one leg and resistance against
uplift through another leg that acts as a flange. Different
instalment techniques of this shear connector, such as C-
shaped and L-shaped, have been studied to date (Loh et al.
2006, Choi et al. 2008, Shariati et al. 2012a, 2013, 2014,
Khalilian 2013, Khorramian et al. 2015). The tilted angle
shear connector is a new type of installing angle shear
connectors and is being investigated in this paper (see Fig.
1). To estimate the shear resistance of this connector, an
experimental investigation was conducted using push-out
test. The current information of the shear capacity of shear
connectors and also their load—displacement performance
are generally obtained from push-out test or full scale tests
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(Slutter and Driscoll 1965, Maleki 2002, Maleki and
Bagheri 2008a, Shariati et al. 2012b, 2013, Yan et al. 2015).

Analytical procedures that can predict the nonlinear
response and the ultimate load capacity of the composite
beams are certainly valuable alternatives for such expensive
tests. There are numerous researches on finite element (FE)
modelling and analysis of composite beams and shear
connectors in the literature (Razaqpur and Nofal 1989,
Oguejiofor and Hosain 1997, Lam and EIl-Lobody 2001,
Faella et al. 2002, Wang and Chung 2008, Kwak and
Hwang 2010, Daieet al. 2011, Shariati et al. 2012¢, Toghroli
et al. 2014, Khorramian et al. 2015, Safa et al. 2016, Shah
et al. 2016, Tahmasbi et al. 2016, Toghroli et al. 2016). The
analytical methods should be verified against selective,
well-controlled experimental results (Soltani et al. 2016).

There are limited studies available on the FE modeling
of the push-out specimens. The primary studies are
concentrated on stud shear connectors conducted by
Nakajima et al. (Nakajima et al. 2003) and Ellobody et al.
(Ellobody and Dennis 2002, Lam and El-Lobody 2005). A
comprehensive finite element study on the behavior of
channel shear connectors was conducted by Maleki and
Bagheri (2008b) and Maleki and Mahoutian (2009).

In this paper, a finite element model for the tilted angle
connector is proposed. The model is validated against the
experimental push-out test results. All the components of
the push-out test arrangement are modelled in FE
environment and linear and nonlinear properties of
components are taken into consideration to establish the
ultimate strength and load—displacement behaviour of the
connector under monotonic loading (Toghroli et al. 2014,
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Fig. 1 Schematic presentation of specimens

Table 1 Specimen’s description

No Specimen's Length Tlllt Angle Concre;e
name (mm) angie size strengt
(degrees) (MPa)
MA 112.5
1 L60 50 112.5  L60%x60x6 27.35
2 M/ng(l)Z,S 50 112.5  L80x80x8 19.44
MA 112.5 L100x100x
3 L100 50 112.5 10 26.12
4 MA 135160 50 135 L60x60%6 25.48
MA 135
5 180 50 135 L80x80x%8 19.97
MA 135 L100x100x
6 L100 50 135 10 31.11
k
7 MAL81012'5 100 112.5  L80x80x8 25.26
MA* 135
8 L]0 100 135 L80x80x%8 24.41

Khorramian et al. 2015, Safa et al. 2016). Furthermore,
parametric studies using this model are carried out to
investigate the effects of variations in concrete strength and
connector dimensions. Finally, two equations are proposed
to estimate the ultimate shear capacity of tilted angle shear
connectors of 112.5 and 135 degrees in the defined range of
parameters.

2. Experimental program

Two types of tilted-shaped angles were tested. The
specimens were made by welding two tilted angles to an
IPE 270 whose length is 400 mm. The tilted angles were
112.5 and 135 degrees measured with respect to the surface
of the attached beam (see Fig. 1). Three different size of
angles namely L60, L80, L100 with leg thickness of 6 mm,
8 mm, and 10 mm, respectively were used. Length of angles

was 50 mm except L80 for which two different angle length
of 50 mm and 100 mm were selected. The angles are
embedded in two reinforced concrete blocks on each side
with dimensions of 300x250x150 mm.

The maximum nominal aggregate size of 19 mm was
used for concrete mix design. The ratio weights of cement,
water, sand, gravel were used as 1, 0.42, 2.75, and 1.75
respectively. The 28-day cylindrical compressive strengths
of specimens are presented in Table 1. In all specimens,
confining steel bars with nominal diameter of 10 mm and
yield stress of 300 MPa were used. The only function of
confining steel bars was to provide more ductility in
concrete blocks and prevent premature failures. Their
function was well achieved since observations during test
and failure modes showed no crack in concrete but at the
interface of steel profile and concrete. The angle shapes
showed a good agreement with bilinear stress- strain model.
The stress and its corresponding strain at which the slope of
stress-strain curves changes are 377.68 MPa and 0.0019
mm/mm, respectively. In addition, the ultimate reported
stress and its corresponding strain are 500.73 MPa and
0.2833 mm/mm, respectively.

As it is shown in Fig. 2, the setup of this test is such that
the main steel profile is pushed down while the movements
of concrete blocks are restricted. Thus, the load transfers
directly from the steel beam to the shear connectors. There
was a loading cell attached to an actuator as shown in Fig.
2(b). In the test set up, a steel plate was attached to the
upper head of the loading machine which applied concentric
load to the top of main steel profile. There were two rigid
steel supports that provide larger area than concrete block
surfaces. Therefore, a uniform load distribution applies on
concrete surfaces as reaction. The loading method was
displacement control with rate of 0.1 mm/s. The data
acquisition system recorded load and displacement of the
specimen during each time step. Eight push out tests were
performed under monotonic loading by Dartec Universal
testing machine, with three different angle sizes. The
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Fig. 2 (a) Schematic push-out test setup (specimen detail); (b) Push-out test setup detail

specimens are summarized in Table 1. The letter M is used
for monotonic loading, A(X) for the tilt angle and L(Y) for
the angle size.

3. Finite element model

3.1 General

The finite element program ABAQUS was used to
simulate the push-out tests. To reach more accurate results
from the FE analysis, all components in the shear
connection consisting of concrete slabs, steel beams, rebar
and shear connectors were modeled. The static implicit
analysis method was employed with stepwise displacement
loading.

3.2 Finite element type and mesh

Due to the symmetry of the push-out specimens, only a
quarter of the push-out test arrangement with half-length
angle connector is modeled. Figs. 3 and 4 show the FE
model of a quarter and also a full view of the specimens,

Fig. 3 Quarter of push-out specimens with tilt angle of 135
and 112.5

respectively.

As indicated in Fig. 5, the concrete slab, shear connector,
and steel beam were meshed with solid element C3D8R
available in the ABAQUS library. This element is an 8-node
brick element with reduced-integration stiffness. Each node
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has three translational degrees of freedom. The confining
rebar was modeled by the truss element T3D2 which is a 2-
node element, and the rigid base was modeled by a 4-node,
rigid element R3D4 as presented in Fig. 5. The overall mesh
size is about 15 to 12 mm and it was reduced to 4 mm in
sensitive places such as interface surfaces, unless a tie
constraint was defined in the region.

3.3 Interaction and constraint conditions

As it is shown in Fig. 6, the nodes on the surfaces of the
angle-shape around steel beam were tied to the surface of
the flange by the tie constraint. Also, frictionless contact
interaction was applied to the steel flange and the concrete
slab surface. In addition, the contact interaction was used at
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the concrete to angle connector interface by choosing hard
contact in normal direction and tangential contact with a
friction coefficient of 0.2 with penalty method. Rebar was
located inside the concrete slab. The embedded constraint
was applied to the rebar and the concrete slab. The
interaction between the rigid base and concrete was
considered as surface to surface contact. In normal direction
,the interaction was chosen to be hard contact and in
tangential direction, penalty method was used. For the sake
of accuracy, the model was validated by changing the
friction coefficient. Because of using a plastic cover
between the concrete slab and rigid base surface in the
experimental push-out tests, we observed different friction
coefficients on these surfaces for each specimen.Therefore,
a coefficient of friction of 0.45 for MA112.5L60 and
MAT112.5L100, 0.55 for MA112.5L80, 0.7 for MA*
112.5L80, and 0.4 for MA135 specimens were used.

3.4 Loading and boundary conditions

Because of symmetry of the push-out test arrangement,
the symmetric boundary condition (BC) was applied to the
surfaces at the symmetric planes of the specimen as shown
in Fig. 7. The rigid base was assumed to be immovable, so
all DOFs of the reference node of the rigid base were
restricted. In the analyses, displacement control was
applied. Loading was downward and applied as enforced
displacement to the top surface of the steel beam.

3.5 Analysis method

In the push-out tests loading were monotonic. Because
of the loading increments that are varied very slowly in
time; we can neglect the inertia effects. On the other hand,

Fig. 8 Schematic stress-strain relationship for steel material

according to ABAQUS User’s manual, a static stress
analysis is used when inertia effects can be neglected.
Therefore, in this study, Static General Method of Analysis
was used to obtain accurate results. In addition, the
nonlinearity of material, large-displacement effects, and
boundary nonlinearitieswere taken into account in these
analyses. According to ABAQUS User’s manual, Newton’s
method is used in the mentioned analysis to solve nonlinear
equations. The load applies monotonically with a
displacement rate of 0.1 mm/s in many increments up to the
failure. Thus, as the displacement increases, so does the
corresponding load and the software perform an iterative
approach to obtain equilibrium in each increment.

3.6 Concrete and steel material properties

Steel material for all parts was modeled by the bilinear
curve as shown in Fig. 8. The steel properties are Fy, ¢y, Fu
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Fig. 9 Schematic stress-strain relationship
for concrete material

and eu with the amount of 377.68 MPa, 0.19%, 500.73 MPa
and 28.33% respectively.

The nonlinear behavior of concrete material was
presented by an equivalent uniaxial stress-strain curve of
concrete as shown in Fig. 9. According to EC2 (Institution
2004), the relationship between compression stress and
strain was taken as below

k _ 2
o =175 )
1+(kk-2)n
€al
k=1.05E,, ‘:“ (3)
o = Compression stress(MPa)
k,# = Proportion parameters
Ecn = Modulus of elasticity (MPa)
fen = Ultimate strength of concrete (MPa)
fow = Compressive Stress corresponding to

& (MPa)=0.85f,,

& = Compressive strain of concrete
¢w = Ultimate strain of concrete = 0.01
&1 = Strain corresponding to fe, = 0.0022

To define the softening behaviour of concrete when
none or small amount of reinforcement is present, the
utilization of tension stiffening approach is recommended.
The use of stress-strain curve has shown mesh sensitivity.
For solving this problem, the fracture energy approach of
Hillerborg et al. (1976) is utilized. The simplest method is
to define tension softening model via linear approximation,
in which the linear loss of strength happens after cracking.
A more effective technique of defining tension softening is
to apply an exponential expression, as experimentally
derived by Cornelissen et al. (1986). Therefore, in this
research, the latter approach with exponential function was
used. This study was not covered as such behaviour on
advance concrete (Abdul Awal 1988, 1992, Arabnejad et al.
2010, 2011, Hossain and Awal 2011, Muhammad et al.
2012, Shehu and Awal 2012, Hafizah et al. 2014,
Muhammad et al. 2015, Shariati and Schumacher 2015,

Table 2 Plasticity parameters of concrete

Dilation angle Eccentricity — fyo/fco
45 0.1 1.16  0.666 0

K Viscosity parameter

2016, Shariati et al. 2015a, Muhammad et al. 2016, Walker
et al. 2016), this will be considered in future research.

Accordingly, the tension stress with respect to the
cracking displacement can be characterized by Eq. (4)
(Cornelissen et al. 1986).

o, w
—=fw)——f(w
f (w) " (W, ) 4)
Cc,w ’ c,w
f(w) = 1+('—j exp[— - j (5)
WC WC
Where:
fou = Compressive Stress corresponding to

&y (MPa)=0.85f.,,

f = tensile strength of concrete

oy = tensile stress of concrete

w = crack opening, mm

W, = crack opening at which stress cannot be
transferred (assumed 0.35 mm in this
investigation)

C; = material constant and ¢, = 3.0 for normal
density concrete

C; = material constant and ¢, = 6.93 for normal

density concrete

Plasticity parameters of are presented in Table 2. In this
study, the compression and tensile damage were used as the
following relationships

O,
do=1-—+ (6)
fi
S¢;
d — n
¢ 5S¢, +0.01 )

&in = Compression inelastic strain

4. Verification of the FE model

In order to verify the proposed finite element model, all
push-out specimens were modeled using the assumptions
described above. The load-displacement curves for the
push-out specimens are shown in Figs. 10 to 17. There is
good agreement between experimental and FE results. The
maximum loads are compared in Table 3 and Fig. 18.

The von Mises stress contours are presented in Fig. 19
to Fig. 22. The concrete compressive damage at maximum
load levels are shown in Figs. 23 and 24. In nearly all cases,
the concrete slab was crushed. Thus, a close agreement was
observed in all cases between the test results and the FE
solution. This proves the adequacy of the FE model in the
nonlinear range up to failure.
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Table 3 Comparison between experimental tests and

finite element analyses

) Maximum load (kN)
Specimens - —
Experimental Finite element

MAT112.5L60 101.57 100.99
MAT112.5L80 115.41 114.21
MA112.5L100 120.10 119.46

MA135L60 76.36 80.56

MA135L80 134.11 145.93
MA135L100 201.13 202.69
MA*112.5L80 179.04 176.70
MA*135L80 156.18 135.56

Table 4 Results of parametric study for tilted angles of 112.5 degree

5. Parametric studies

Using the FE model that was verified against the test
results, a parametric study is conducted here to evaluate the
effects of concrete compressive strength, angle dimensions
and length of tilted angles of 112.5 and 135 degrees.
Summary of the results for the effect of these parameters is
given in Tables 4 and 5 for the tilted angle of 112.5 and 153
degrees, respectively. The details are described in the
following sections.

5.1 Effect of concrete strength

A parametric study was conducted using the FE model
with various concrete compressive cylinder strengths of 20,

No. L-shape t (mm) H (mm) L (mm) fo (MPa) Max (kN) Eq. (8) Error %
1 L50x4 4 50 50 30 92.1127 91.345 0.83
2 L50x%5 5 50 50 30 101.488 98.766 2.68
3 L50x6 6 50 50 30 103.552 105.273 1.66
4 L50x7 7 50 50 30 111.048 111.109 0.05
5 L50x8 8 50 50 30 115.901 116.425 0.45
6 L50x%9 9 50 50 30 120.519 121.325 0.67
7 L55%5 5 55 50 30 102.532 98.766 3.67
8 L55%6 6 55 50 30 105.363 105.273 0.09
9 L55%8 8 55 50 30 119.829 116.425 2.84
10 L55%10 10 55 50 30 126.435 125.883 0.44
11 L60x%5 5 60 50 30 99.8585 98.766 1.09
12 L60x6 6 60 50 20 86.9911 85.955 1.19
13 L60x6 6 60 50 25 97.088 96.101 1.02
14 L60x6 6 60 50 30 104.773 105.273 0.48
15 L60x6 6 60 50 35 110.159 113.708 3.22
16 L60x6 6 60 50 40 115.794 121.559 4.98
17 L60x6 6 60 50 45 119.972 128.933 7.47
18 L60%6 6 60 50 50 123.613 135.907 9.95
19 L60x6 6 60 40 30 101.34 94.581 6.67
20 L60x6 6 60 60 30 110.421 114.902 4.06
21 L60x6 6 60 70 30 117.351 123.726 5.43
22 L60x6 6 60 80 30 123.025 131.916 7.23
23 L60x6 6 60 90 30 129.523 139.588 7.77
24 L60x6 6 60 100 30 140.766 146.829 431
25 L60x8 8 60 50 30 115.144 116.425 1.11
26 L60x10 10 60 50 30 125.083 125.883 0.64
27 L65%6 6 65 50 30 107.245 105.273 1.84
28 L65x%7 7 65 50 30 109.784 111.109 1.21
29 L65x%8 8 65 50 30 113.248 116.425 2.81
30 L65%9 9 65 50 30 117.758 121.325 3.03
31 L65x11 11 65 50 30 128.407 130.153 1.36
32 L70x6 6 70 50 30 107.067 105.273 1.68
33 L70x7 7 70 50 30 109.577 111.109 14
34 L70x9 9 70 50 30 118.77 121.325 2.15
35 L70x11 11 70 50 30 121.772 130.153 6.88
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Table 4 Continued
No. L-shape t (mm) H (mm) L (mm) f. (MPa) Max (kN) Eq. (8) Error %
36 L75%6 6 75 50 30 107.332 105.273 1.92
37 L75%x7 7 75 50 30 110.163 111.109 0.86
38 L75%8 8 75 50 30 112.973 116.425 3.06
39 L75%10 10 75 50 30 121.053 125.883 3.99
40 L75%12 12 75 50 30 128.532 134.177 4.39
41 L80x7 7 80 50 30 110.119 111.109 0.9
42 L80x8 8 80 50 20 95.0092 95.061 0.05
43 L80x8 8 80 50 25 106.183 106.281 0.09
44 L80x8 8 80 50 30 115.441 116.425 0.85
45 L80x8 8 80 50 35 123.63 125.754 1.72
46 L80x8 8 80 50 40 131.198 134.436 2.47
47 L80x8 8 80 50 45 137.463 142.591 3.73
48 L80x8 8 80 50 50 140.989 150.304 6.61
49 L80Ox8 8 80 40 30 110.164 104.6 5.05
50 L80Ox8 8 80 60 30 127.337 127.073 0.21
51 L80Ox8 8 80 70 30 138.125 136.832 0.94
52 L80Ox8 8 80 80 30 147.872 145.89 1.34
53 L80x8 8 80 90 30 161.328 154.375 431
54 L80Ox8 8 80 100 30 173.598 162.383 6.46
55 L80x10 10 80 50 30 122.913 125.883 2.42
56 L80x12 12 80 50 30 135.433 134.177 0.93
57 L80x14 14 80 50 30 135.456 141.615 4.55
58 L90x8 8 90 50 30 116.206 116.425 0.19
59 L90x9 9 90 50 30 117.737 121.325 3.05
60 L90x11 11 90 50 30 125.949 130.153 3.34
61 L90x13 13 90 50 30 132.879 137.99 3.85
62 L90x%16 16 90 50 30 147.766 148.391 0.42
63 L100x8 8 100 50 30 117.639 116.425 1.03
64 L100x10 10 100 50 20 104.867 102.783 1.99
65 L100x10 10 100 50 25 116.793 114915 1.61
66 L100x10 10 100 50 30 127.037 125.883 0.91
67 L100x10 10 100 50 35 135.304 135.969 0.49
68 L100x10 10 100 50 40 140.032 145.357 3.8
69 L100x10 10 100 50 45 144.771 154.174 6.5
70 L100x10 10 100 50 50 148.121 162.514 9.72
71 L100x10 10 100 40 30 115.203 113.096 1.83
72 L100x10 10 100 60 30 140.557 137.396 2.25
73 L100x10 10 100 70 30 148.399 147.947 0.3
74 L100x10 10 100 80 30 156.228 157.741 0.97
75 L100x10 10 100 90 30 169.739 166.916 1.66
76 L100x10 10 100 100 30 178.1 175.574 1.42
77 L100x12 12 100 50 30 134.768 134.177 0.44
78 L100x14 14 100 50 30 141.838 141.615 0.16
79 L100x16 16 100 50 30 147.794 148.391 0.4
80 L100%20 20 100 50 30 158.355 160.445 1.32
81 L110x10 10 110 50 30 130.301 125.883 3.39
82 L110x12 12 110 50 30 136.459 134.177 1.67
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Table 5 Results of parametric study for tilted angles of 135 degree

No. L-shape t (mm) H (mm) L (mm) fc (MPa) Max (kN) Eq. (9) Error %
1 L75%12 12 75 50 30 172.511 179.987 433
2 L80x8 8 80 50 20 157.464 151.582 3.74
3 L80x8 8 80 50 25 177.617 169.474 4.58
4 L80x8 8 80 50 30 192.885 185.65 3.75
5 L80x8 8 80 50 35 204.156 200.524 1.78
6 L80x%8 8 80 50 40 213.773 214.37 0.28
7 L80x%8 8 80 50 45 219.386 227.373 3.64
8 L80x8 8 80 40 30 180.702 196.301 8.63
9 L80x8 8 80 60 30 191.212 177.378 7.23
10 L80x8 8 80 70 30 171.507 170.672 0.49
11 L80x8 8 80 80 30 170.167 165.068 3
12 L80x8 8 80 90 30 148.313 160.279 8.07
13 L80x8 8 80 100 30 138.896 156.112 12.39
14 L80x12 12 80 50 30 193.519 185.65 4.07
15 L80x14 14 80 50 30 195.165 185.65 4.88
16 L90x8 8 90 50 30 193.404 196.448 1.57
17 L90x9 9 90 50 30 194.61 196.448 0.94
18 L90x11 11 90 50 30 195.776 196.448 0.34
19 L90x13 13 90 50 30 199.766 196.448 1.66

20 L90x16 16 90 50 30 203.008 196.448 3.23
21 L100%8 8 100 50 30 194.178 206.638 6.42
22 L100x10 10 100 50 20 165.29 168.719 2.07
23 L100x10 10 100 50 25 182.053 188.634 3.61
24 L100x10 10 100 50 30 197.773 206.638 4.48
25 L100x10 10 100 50 35 211.57 223.195 5.49
26 L100x10 10 100 50 40 222.951 238.605 7.02
27 L100x10 10 100 40 30 193.351 218.493 13

28 L100x10 10 100 60 30 199.514 197.431 1.04
29 L100x10 10 100 70 30 195.231 189.967 2.7
30 L100x10 10 100 80 30 184.869 183.73 0.62
31 L100x10 10 100 90 30 179.732 178.399 0.74
32 L100x10 10 100 100 30 173.596 173.761 0.1

33 L100x12 12 100 50 30 208.048 206.638 0.68
34 L100x14 14 100 50 30 205.964 206.638 0.33
35 L100x16 16 100 50 30 209.001 206.638 1.13
36 L100x20 20 100 50 30 206.44 206.638 0.1

37 L110x10 10 110 50 30 214.745 216.311 0.73
38 L110x12 12 120 50 30 215.105 225.537 4.85
39 L110x14 14 120 50 30 218.731 225.537 3.11
40 L120x11 11 120 50 30 238.996 225.537 5.63
41 L120x12 12 120 50 30 231.652 225.537 2.64
42 L120x13 13 120 50 30 234.033 225.537 3.63
43 L120x15 15 120 50 30 235.341 225.537 4.17

25, 30, 35, 40, 45, and 50 MPa. The other properties of
models were kept constant as explained in section 3 and 4.
The load-displacement relationships for diverse concrete
strengths are presented in Fig. 25 and 26. In these figures,

L80x8 have been chosen as a representative of other
specimens. It is seen from FE results that the ultimate
strength of a tilted angle shear connector is increased as the
concrete compressive strength increases for both types of
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67 44
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Fig. 20 Stress contour in the angle for MA112.5L80 from FE analysis

S, Mises

(Avg: 759
322,54
295.66
268.79
241,91
215.04
188.16
161.28

Fig. 21 Stress contour in MA135L80 specimen from FE analysis
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Fig. 22 Stress contour in the angle for MA135L80 from FE analysis
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models.
5.2 Effect of angle height

To study the effects of tilted angle height on the ultimate
strength, angles with unique thickness and concrete strength
of 30 MPa but variable leg sizes were modeled. The angle

Fig. 24 Compression Damage contour in concrete slab for height of 50, 55, 60, 65, 75, 80 and 100 were studied for the
MA135L80 from FE analysis 112.5 degree tilted angle. For the 135 degree tilted angle,
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Fig. 27 Load-displacement curves for tilted angle of 112.5
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Fig. 28 Load-displacement curves for tilted angle of 135
degrees with different angle height
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degrees with different angle length
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Fig. 32 Load-displacement curves for L100 of 135 degrees
with different leg thickness

angle height of 75, 80, 100, 110 and 120 were examined.
The results are presented in Figs. 27 and 28. The FE
analysis shows that there is an approximately negligible
change in ultimate load capacity for models of 112.5 degree
when the height changes. For the models of 135 degrees,
however, it is observed that by increasing the height of
tilted angle, the ultimate capacity increases.

5.3 Effect of angle length

A parametric study was conducted using the FE model
with various tilted angle length of 40, 50, 60, 70, 80, 90,
and 100 mm. The other properties of models are kept
constant as explained in section 3 and 4. The load-
displacement relationships for tilted angle of different
lengths are presented in Figs. 29 and 30. In these figures,
L100x10 was used as the representative of other specimens.
According to the FE results, the ultimate strength of tilted
angle shear connectors of 112.5-degree increase as the angle
length increases. However, for models of 135-degree FE
analysis shows reverse effect on ultimate capacity; that
means, as the tilted angle length increases, the ultimate
shear capacity declined for this type of shear connector.

5.4 Effect of leg thickness

In order to study the effects of leg thickness on the
ultimate strength of the tilted angle shear connectors, the
results of the FE analysis of L100, as a representative
specimen, with concrete strength of 30 MPa and different
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thicknesses are presented in Figs. 31 and 32. The other
properties were kept constant as explained in Sections 3 and
4. As indicated in the figures for tilted angles of 112.5, as
the thickness increases, the ultimate shear capacity of the
connectors increases while for tilted angles of 135, changing
leg thickness has a negligible effect on the ultimate capacity.

5.5 Generating new equation for tilted angles
of 112.5 and 135 degrees

Prior researches on angle-shaped shear connectors prove
that there is a certain relationship between ultimate strength
of shear connector (Q) and product of concrete strength (f.),
thickness of angle (t), height of angle legs (h), and length of
angle (L), however each has an unknown power. By using
regression on the data that were presented in Table 4, from
FE models with various parameters, a new relationship was
generated for estimating ultimate shear capacity of tilted
angle of 112.5 degree (Eq. (8)). By using the same
procedure and data from table 5, another new formula for
estimating ultimate shear capacity of tilted angle of 135
degrees with height greater than 80 mm (Eq. (9)) was
proposed. There are average errors of 2.6% and 3.6% for
models of 112.5 and 135 degrees, respectively, between the
FE results and the corresponding equations.

Q112,5 = 1-57\/f_ct0-35 L(),4x (8)
Q135 =1 1\/f_ch0-48 [025 o

Qiizsand Q35 are the load carrying capacities (in kN) of
tilted angle shear connector with tilted angles of 112.5 and
135 degrees, respectively; h, t, and L are the height, the web
thickness, and the length of the angle shear connector
respectively (mm); f, is the concrete compressive strength
(MPa).

The comparison between experimental results and
derived formulas are shown in Table 6. According to this
table, it is seen that Egs. (8) and (9) are predicting the
ultimate shear capacity of tilted angles with a relatively
good accuracy. However, there are some limitations in
predicting the actual shear capacity of these kinds of shear
connectors using the proposed equations. The effect of
yielding stress of angle shape has not been included in these

Table 6 A comparison between experimental results
and derived formulas

Specimen Failure Eq.(8) Eq.(9) Test/  Test/
load (kN) (kN) (kN) Eq.(8) Eq.(9)
MA112.5L60 101.56  100.52 1.01
MA112.5L80 115.4 93.72 1.23
MA12.5L100 120.09 117.46 1.02
MA135L80 134.11 151.47 0.89
MA135L100 201.13 210.43 0.96
MA*112.5L80 179.04 149 1.2
MA*135L80 156.18 140.82 I.11

equations, since the dominant mode of failure is concrete
crushing. When crushing of concrete occurs prior to
yielding of angle shear connector, the yielding of shear
connector has no relevance in determining shear capacity.
The latter could be the reason why in similar cases, like C-
shape connectors, researchers neglect the effect of yielding
of shear connectors.

6. Discussion
6.1 Load-displacement behavior

As it is shown in Figs. 10-17, there is a good agreement
between finite element results and test results. However, in
nearly all cases, the ascending branch is well verified; the
slope of ascending branch of load-displacement derived
from finite element model as well as the peak load are very
compatible and close to the experimental results which
shows the strength of the proposed model. In contrary, the
descending branch either is not available or does not show a
close agreement with experimental results. The reason for
the latter problem could be due to the type of numerical
analysis that has been performed by finite element software.
The software attempts to satisfy equilibrium by iterative
procedure over each displacement increment. After failure
in concrete happens, excessive strains and stresses occur,
the iterative equilibrium approachtries hard to satisfy the
equilibrium in the whole model. Eventually, the run of finite
element model will be terminated by many iterations
without converging as it is observed in Fig. 14. Even if it
converges, after a few increments the results are not logical
enough as it could be seen in Figs. 11 and 13. However, for
other specimens, the descending branch exists and is fairly
compatible with the test results although it cannot predict
large displacements accurately.

6.2 Modes of failure

As it is illustrated through Figs. 19 and 21, the stress
concentration has been observed in both angle shear
connectors and IPE beam. For MA112.5 models, as it is
presented in Fig. 19, the stress concentration is exactly on
the intersection of shear connector and steel beam and the
value of stress decreases by moving from the top of flange
to the center of web. The shape of this stress contour is like
a circle whose center is roughly at the interface of shear
connector leg and flange of steel beam. The latter proves
that the load is transferring from steel beam to the shear
connector which in turn shows a good compatibility of FE
model with experimental results. Similarly, for MA135 the
same observation could be seen in Fig. 21.

Moreover, Figs. 20 and 21 show the stress distribution
contours in tilted angle shear connectors of 112.5 and 135
degrees, respectively. For MAI112.5 specimens, the
concentration of stress is at the point which is attached to
the steel beam. From experimental results, on the other
hand, one of the failure modes that has been observed is
connector fracture. This fracture shows an extreme stress
concentration in interface of angle connector and steel
beam. Thus, the finite element model again shows a good
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agreement to experimental results. The same stress
concentration has been observed in MA135, however, these
specimens have two legs welded to steel beams as well as
extra weld in comparison to MA112.5 specimens. The latter
is the reason why the only mode of failure in MAI135
specimens is concrete crushing-splitting. In addition to one
extra leg welded to IPE beam, another reason why the
behavior of these two types of shear connectors are
different is that the MAI112.5 shear connectors have a
cantilever part which prevents movement of concrete. Thus,
for these specimens the failure could happen at the point of
maximum bending moment which is again the interface of
connector and steel beam.

The final observation in terms of stress concentration is
on concrete. As it is predicted from experimental test
results, the maximum concrete strain and corresponding
stress is below the shear connector where the load will go
through concrete to the rigid base or reaction point. Since
we have loading at top and reaction at bottom of concrete,
the maximum stress concentration in concrete, or the
compressive concrete damage criteria, is critical at the
section just below the shear connector for both MA112.5
and MA135 specimens as it is shown in Figs. 23 and 24,
respectively. The model of concrete damage in specimens is
in a good agreement with experimental results which shows
that the compressive and cracking models well predict the
behavior of concrete in accordance with experimental work.
In addition, cracks have not been developed longitudinally
and at the middle of specimen which means that rebar cage
has been modeled in a compatible way.

6.3 The evaluation of derived formulas

The shear capacities of tilted angle shear connectors
using the verified finite element model and the derived Egs.
(8) and (9) for MA112.5 and MA135 specimens have been
shown in Tables 4 and 5, respectively. For both cases an
average of roughly 5% error has been observed which
shows a good agreement between the FE results and derived
formulas. In addition, the other comparison between the
results of derived equations and experimental data is shown
in table 6. The ratio of test results to equation 8 is more than
one for all cases, and way further than one for MA112.5
L80. Therefore, the proposed formula for MA112.5
specimens conservatively predicts the ultimate shear
capacity while this ratio is slightly less than one for MA135
specimens.

7. Conclusions

In this paper, a nonlinear finite element model including
damage prediction was developed to simulate the load—
displacement behavior of tilted angle shear connectors. Two
tilt angles of 112.5 and 135 degrees were considered. The
FE model takes into account the linear and nonlinear
material properties of concrete and steel angle connector as
well as the nonlinearity due to the contact conditions. The
FE model was verified against test results and compared
well with the results obtained from the experimental push-
out tests.

Parametric studies were carried out to investigate the
effects of concrete strength and angle sizes on the ultimate
shear strength of the tilted angle shear connectors. It was
seen from FE results that the ultimate strength of a tilted
angle shear connector is directly related to the square root
of concrete compressive strength. In addition, the FE results
show that as the leg height of tilted angles increases, there is
a negligible change in ultimate strength of 112.5 degrees’
models but the capacity of 135 degrees’ models increases.
Moreover, increasing the thickness of angle leg has no
effect on 135 degrees’ models, but it leads to growth of
shear capacity in models of 112.5 degrees. Finally, as the
length of tilted angles increases, the ultimate capacity of
models of 112.5 degrees increases while it decreases for the
models of 135 degrees. This decline in capacity, for models
of 135 degrees, have been observed in models in the range
of L80 to L120 with 40 to 100 mm length of tilted angles
that can be considered as a limitation for the derived
formula for MA135 type.

By using FE analysis results and regression, two
equations were proposed to estimate the ultimate capacity
of tilted angle shear connectors of 112.5 and 135 degrees in
the defined range of parameters with the discussed
limitations.
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