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Abstract

:

This is a numerical study to investigate the behavior of novel stiffened angle shear connectors embedded in solid concrete slabs at both ambient and elevated temperatures. An advanced nonlinear finite element model is developed and validated with available experimental work by Nouri, K., et al. 2021. Additionally, parametric studies are performed to evaluate the variations in concrete strength and the connector’s dimensions. The results indicate that the ultimate strength of the stiffened angle shear connector drops by 92% in 1050 °C. Comparing studies show the strength of the stiffened shear connector at 700–850 °C is equivalent to the ordinary C-shaped shear connectors. The stiffened shear connector is more ductile at elevated temperatures as compared to ambient temperatures. The shear strength raised to 66% and 159.7% by increasing the height and width of the stiffened shear connector, respectively. Furthermore, the height of the stiffened shear connector is crucial to enhance the shear strength capacity as compared to the ordinary C-shaped shear connector.
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1. Introduction


The shear connector between concrete slabs and steel beams is one of the major components in composite constructions and can play a vital role in the behavior of structures. Headed stud and Perfobond shear connectors are the most common types of shear connectors whilst the application of C-shaped shear connectors has increased over the last decades. The shear connectors help to send the significant horizontal inertial forces in the slab to the major lateral load resisting parts of the structure, which provide the necessary shear connection for composite action in flexure. In the case of a fire, a composite structural system behaves quite differently from the identical system at an ambient temperature. The study of the Broadgate fire and the Cardington structure [1] has improved structural interactions and load distribution in a genuine burning building. There is a lot of interplay between heat expansion, considerable deformation, material deterioration, and the 3D effects on a building with composite elements. The thermal and structural capabilities of a thin floor beam in a burning situation were examined by [2] utilizing numerical analytical methods based on ISO Tests [3] on standard fire and natural fire. According to these researchers’ findings, the bending ability of the beam will significantly reduce by increasing temperatures, thus the shear connections are vital to the beam’s continuing operation. The differential in deformation between the steel beam and the concrete slab at ambient temperatures puts shear connections under tensile-bending-shear composite stress. Since temperature distribution in a composite section is not uniform due to material properties, failure mechanisms are more complex at elevated temperatures than at ambient levels. The shear connector must perform well as it has a major impact on the structural resistance of a member when the temperature rises. In the event of a fire, both steel and concrete members face the fire directly, whereas shear connectors indirectly face the increase in temperature that is transferred by the steel. Shear connections depend on the material strength and stiffness of the connector and on the strength of concrete placed in front of the connector; this form of failure was seen in research [4]. The post-flashover behavior of components and buildings in a fully established fire is evaluated using a fire resistance test. In the last 60 years, there has been no change in the way fire resistance testing is conducted. The ISO 834 standard specifies how fire testing must be performed across the world [3]. BS 476 [5] defines the standard fire testing in the United Kingdom. Fire testing on construction materials and buildings is described in parts 20–23 of the 476th Standard of the British Standard Institution BS 476-20 [6]. In 1918, ASTM issued [7] the first standard for fire resistance testing.



Finite element (FE) modeling is an important tool in investigating shear connector performance given the lack of experimental results, and can be utilized to conduct extensive parametric studies. Most of the plasticity in the concrete and shear connector occurs at the bottom of the shear connector in the loading direction. Most FE analyses presented in the literature could capture these plastic actions under shear loading of the composite beam. After only 15 min of fire [7], the shear connector loses around 50% of its capacity. Most of the recent studies of effect of fire have been evaluated on the headed stud and Profobond shear connectors. Quevedo and Silva, 2013 [8] performed FE modeling of headed stud shear connectors at elevated temperatures. Parametric numerical simulations show that when concrete failure wins over stud failure, the height of the connectors, the compressive strength of the concrete, and the level at which concrete temperature is considered, all have a significant impact on the resistance. Using Eurocode 4, Muhammad and Uche, 2016 [9] investigated the dependability of shear connectors exposed to a fire. It was found that in the event of a fire, the safety indices value reduced, and the load ratio increased at the same time. Sensitivity analysis further revealed that for a given load, the temperature and span of the beam reduce as their safety indices rise, while the ultimate tensile strength and diameter of the stud rise. Olivia Mirza et al., 2016 [10] conducted an experimental and computational examination of composite steel–concrete beams at extreme temperatures that utilized carbon nanotubes. It was found that when the specimens were subjected to extreme temperatures, there was a reduction in concrete cracking and spalling when carbon nanotubes were incorporated into concrete. The ultimate capacity of the carbon nanotube concrete was found to be comparable to that of the conventional concrete up to 200 °C. The ultimate loads of the carbon nanotube concrete increased after it was heated to 200 °C. When subjected to high temperatures, the carbon nanotube concrete demonstrated a significant reduction in spalling and cracking. At elevated temperatures, Sencu et al., 2019 [11] found that the demountable shear connections showed ductile behavior. Shear connection resistance was unaffected by increasing the embedment height of the shear studs from 100 mm to 120 mm while using C40/50 concrete. When it came to through-hole welding specimens, Chen et al., 2015 [12] produced extremely cautious estimates due to the thinness of the deck and the welding process. Omitting the deck reduction factor from the analytical calculation of EC4-1-2 by [12] with regard to the transverse deck specimen, a more accurate estimate was supplied. In addition, the temperature of the stud was offered as a design reference for the concrete-dominated failure. Lim et al., 2020 [13] found that the stress distribution of the shear stud was concentrated near the stud root. Steel material decomposition caused this spot to migrate to the stud shank at higher temperatures.



A numerical analysis technique was developed by [14] to predict the behavior of channel connections embedded in high strength concrete (HSC) under fire and compared it to the numerical analysis performed in headed stud and Perfobond shear connectors subjected to fire, and compared the performance of channel connectors to headed stud and Perfobond shear connectors. As temperatures rise, researchers discovered that the shear strength of both the concrete and the connector significantly declines at a faster pace than that of the connector. At elevated temperatures, it loses some of its structural integrity, which affects its flexural and extensional stiffness, as well as its ability to transfer shearing forces. Shear connections quickly degrade because they are exposed to temperatures between 100 °C and 150 °C higher than the surrounding concrete. Almost all specimens modeled at extreme temperatures had a negative displacement due to the large thermal expansion, which may be translated into thermal stresses at varying levels of longitudinal restriction. Another factor that might cause channel shear connections to fail in an overturning failure mode rather than the more common shearing-off failure mode is the comparatively high temperature in the bottom layers of the concrete material. Steel may act as a protective layer for concrete slabs, as seen by the temperature distribution of the steel, concrete, and shear connection layers. For the first 10 min, the HSC solid slabs with channel shear connections can withstand 60% of their maximum stress. Push-out tests and monotonic static force were used in an experiment by [15] to investigate the effects of temperature increases on the angle connector’s performance. The results demonstrate that (1) the ductility of the samples is acceptable according to [16]; (2) increasing the temperature reduces stiffness; (3) shear ductility increases; and (4) shear capacity decreases. A reduction of 18.5% to 41% in angle shear connection resistance has also been achieved at ambient temperatures up to 850 °C. At both room temperatures and extreme temperatures, the stiffened angle shear connection was tested by Nouri, K., et al. [17]. The 48 specimens were tested in the experimental study. After starting at room temperature, the samples’ temperatures were raised to 550 °C, 700 °C, and 850 °C, and they were then successively loaded to failure one after the other. For various stiffened angle shear connectors, the ductility of the stiffened shear connector enhanced by 10.7 to 15.2 percent in average as the test temperatures raised, whilst strength reductions of 6.82% to 80.02% and 8.01% to 80.20% were observed. As a result, the shear strength of the material decreased at elevated temperatures [17].



Fire can start in and burn any type of structures at any time. Elevated temperatures have a destructive effect on materials which can cause serious structural damages. A remarkable number of research has been conducted to investigate the influence of fire on head stud shear connectors. The shear strength of the headed stud drops substantially at elevated temperatures [13,14,15,16,17,18,19,20]. Although many detailed studies have been performed to assess crucial parameters of the shear connector and the effect of concrete strength on the shear strength of the shear connector, very seldom has research been found to evaluate the efficiency of elevated temperatures on the behavior and strength of shear connectors, given that the stiffened angle shear connector is a novel type of C-shaped shear connector. There is a need for more robust, simple, and cost-effective shear connectors in steel–concrete composite beams to withstand extreme fire loading conditions. The novel stiffened angle shear connector enhanced the bending resistance of the angle leg of shear connectors at elevated temperatures where steel lost the strength that makes shear connectors extremely safe in the event of a fire. The stiffened shear connector is suggested for use for structures where the temperature is high, or chance of fire is high. Additionally, due to the high shear strength of stiffened shear connectors, a lower number of shear connectors are required, which leads to saved time for installation and cost. Since the stiffened angle shear connector is a new type of C-shaped shear connector which can overcome the weaknesses of traditional C-shaped shear connectors, such as low bending moment capacity at the leg of shear connector, poor performance at elevated temperature, and low load carry capacity, its effective parameters under fire conditions are deeply investigated in this paper.




2. Finite Element Analysis


To ensure modeling accuracy, the FE modeling must be verified by experimental results of a recent study by Nouri, K., et al. [17]. An advanced FE technique, numerical modeling to simulate the push-out test of new stiffened shear connections under monotonic load, is presented.




3. Description of Stiffened Angle Shear Connector


Nouri et al., 2021 [17] proposed that the stiffened angle shear connector contains a steel angle profile and truss shaped stiffener which welded to the steel I-beam. The angle profile is welded to the steel I beam vertically, while the height of the truss stiffener is welded to the back side of the angle profile and its base is welded to the steel I-beam. In this research, two types of stiffeners are used at full and half length. In the symbolization of the specimens, the first letter indicates the type of shear connector which is A, and stands for angle profile. The first two digits indicate the height, and the second two digits indicate the length of the angle shear connector in the concrete slabs. Full-length stiffener is indicated as F and Half-length stiffener is indicated as H. The last two/three digits indicate the temperature. As an example, A-100-50-F-550 means that the specimen includes of angle shear connector embedded in reinforced concrete when it has 100 mm height and 50 mm length, angle shear connector stiffened using full-length stiffener, and is tested at 550 °C.




4. Materials Properties


4.1. Steel-Ambient Temperature


The yield strength of steel (   f y   ) is considered as 345 MPa. Concrete slab shear connectors and steel reinforcing bars were subjected to kinematic bilinear stress–strain relationships with full plastic stress. The stress–strain relationship for steel is shown in Figure 1.




4.2. Steel-Elevated Temperature


Structural fire engineering relies on material thermal characteristics and material mechanical properties data, both of which are critical for thermal and structural analyses. The steel material is defined according to structural fire design specifications [21].



4.2.1. Thermal Conductivity


Temperature gradients and heat flow are used to calculate the material’s conductivity, which is a thermal attribute. To determine thermal conductivity (   λ a   ), we must look at how much energy is transferred from one face of the concrete to the other when there is a unit thickness difference across a unit area, providing the following Equations (1) and (2) for    λ a   .


    λ a  = 54 − 3.33 ×   10   − 2    θ a        W / mK     20   °  C    ≤    θ a  < 800   ° C   



(1)






    λ a  = 27.3         W / mK     800   °  C    ≤    θ a  ≤ 1200   ° C   



(2)







   θ a    is steel temperature [°C].




4.2.2. Specific Heat


The specific heat of steel    C a    was determined using the following Equations (3)–(6) [19].


    C a  = 425 + 7.73 ×   10   − 1    θ a  − 1.69 ×   10   − 3    θ a 2  + 2.22 ×   10   − 6    θ a 3      J / kgK   20   °  C    ≤    θ a  < 800   ° C   



(3)






    C a  = 666 +  (  13002 / 738 −  θ a   )                  J / kgK   600   °  C    ≤    θ a  < 735   ° C   



(4)






    C a  = 545 +  (  17820 /  θ a  − 731  )                J / kgK   735   °  C    ≤    θ a  < 900   ° C   



(5)






    C a  = 650                     J / kgK   900   °  C    ≤    θ a  ≤ 1200   ° C   



(6)







   θ a    is steel temperature [°C].




4.2.3. Thermal Expansion


The thermal expansion of steel should be determined according to Equations (7)–(9) in [19] as follows:


   ∆ l / l = 1.2 ×   10   − 5    θ a  + 0.4 ×   10   − 8    θ a 2  − 2.416 ×   10   − 4       20   °  C    ≤    θ a  < 750   ° C   



(7)






   ∆ l / l = 1.1 ×   10   − 2                             750   °  C    ≤    θ a  ≤ 860   ° C   



(8)






   ∆ l / l = 2 ×   10   − 5    θ a  − 6.2 ×   10   − 3                     860   °  C    ≤    θ a  ≤ 1200   ° C   



(9)







 l  is the length at 20 °C.



  ∆ l   is the temperature induced elongation.



   θ a    is steel temperature [°C].




4.2.4. Stress–Strain Curve


The stress–strain relationship of the steel structure at elevated temperatures is determined according to [21] as in following Equations (10)–(17) and Figure 2.


   σ = ε  E  a θ                           ε   ≤    ε  p θ     



(10)






   σ =  f  p θ   − c +  (  b / a  )     [   a 2  −    (   ε  y θ   − ε  )   2   ]    0.5        ε  p θ   < ε <  ε  y θ     



(11)






   σ =  f  y θ                          ε  y θ   ≤ ε   ≤    ε  t θ     



(12)






   σ =  f  y θ    [  1 −  (  ε −  ε  t θ    )  /  (   ε  u θ   −  ε  t θ    )   ]         ε  t θ   < ε <  ε  u θ     



(13)






   σ = 0                       ε =  ε  u θ     



(14)






   a 2  =  (   ε  y θ   −  ε  p θ    )   (   ε  y θ   −  ε  p θ   + c /  E  a θ    )   



(15)






   b 2  = c    (   ε  y θ   −  ε  p θ    )     E  a θ   +  c 2   



(16)






  c =  (     (   f  y θ   −  f  p θ    )   2   )  /  (   (   ε  y θ   −  ε  p θ    )   E  a θ   − 2  (   f  y θ   −  f  p θ    )   )   



(17)







   f  y θ     is effective yield strength.



   f  p θ     is proportional limit.



   E  a θ     is slope of linear elastic range.



   ε  y θ     is yield strain.



   ε  t θ     is limiting strain for yield strength.



   ε  u θ     is ultimate strain.
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Figure 2. Stress–strain relationship of steel at elevated temperature [21]. 
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The reduction factor for the stress–strain relationship of carbon is determined by [21] as presented in Table 1.





4.3. Concrete-Ambient Temperature


The concrete slab’s substance is represented by the ABAQUS library’s Concrete Damaged Plasticity (CDP) model. The concrete grade (   f c  )   considered 40 MPa as the normal weight of concrete. The material behavior is defined in terms of the elastic, plastic, compressive, and tensile characteristics of the material in this model. It is assumed that the concrete will fail in compression by crushing, or in tension via cracking. According to this study, the Poisson’s ratio and the density of concrete are both set at 0.2 and 2400 kg/m3. For the current analysis, the CDP model also requires the following parameters in addition to the compressive and tensile constitutive relationships: (i) dilation angle of 42°; (ii) eccentricity of 0.1; (iii) ratio of the strength in the biaxial state to the strength in the uniaxial state (fb0/fc0) of 1.16; (iv) parameter K, 0.667; and (v) viscosity parameter of 0 [13,22,23].



Figure 3 shows how the concrete is depicted using the Eurocode 2 [21] models. As a result of this, the stress–strain relation for concrete (i.e., the    σ c   –     ε c    relationship) under compression is provided by the following Equation (18).


    σ c  =  (   (  k α −  α 2   )  /  (  1 +  (  k − 2  )  α  )   )   f  c m         0 ≤  ε c  ≤  ε  c u 1     



(18)







In this expression,    ε  c u 1     is the nominal ultimate strain and    f  c m     is the ultimate compressive strength of concrete, given by Equation (19):


   f  c m   =  f  c k   + 8  



(19)







   f  c k     is the characteristic cylinder strength.



The parameters  k  and  α  are given by the following equations, in which    ε  c 1     is the strain at the peak stress and    E  c m     is the elastic modulus of concrete:


  α =  ε c  /  ε  c 1    



(20)






  k = 1.05  E  c m    (   ε  c 1   /  f  c m    )   



(21)






   ε  c 1   = 0.7    (   f  c m    )    0.31   ≤ 2.8  



(22)







The nominal ultimate strain (   ε  c u 1    ), as a percentage, is given by Equation (23) for    f  c k   ≥ 50   N/mm2; otherwise, it is 3.5.





    ε  c u 1   = 2.8 + 27 [ ( 98 −  f  c m   ) / 100  ] 4    



(23)







Additionally, the compressive damaged parameter (   d c   ) needs to be defined at each inelastic strain level. The value for    d c    is obtained only for the descending branch of the stress–strain curve of concrete in compression, as given by Equation (24):


    d c  =  (   f  c m   −  σ c   )  /  f  c m                      ε c  ≥  ε  c 1     



(24)







Although the tensile strength of concrete declines with increased tensile strain, the concrete remains to bear some tensile load after cracking has occurred. This process is known as tension stiffening. This will result in a more realistic interaction between the steel reinforcement and surrounding concrete in the study (i.e., bond). When the tensile strength of concrete is attained, it is expected that the tensile strength drops linearly to zero stress at a strain of 0.01. Others have used this value [24] and it permits the analysis to run smoothly and accurately without encountering any significant numerical issues. According to Eurocode 2 [21], the following Equations (25) and (26) may be used to determine the tensile strength of concrete:


    f t  = 0.3  f  c k      2 / 3                          f  c k   ≤ 50   N /  mm 2    



(25)






    f t  = 2.2 ln  (  1 + 0.1  f  c m    )               f  c k   > 50   N /  mm 2    



(26)







The tensile damage parameter    d t    must be specified at each increment of cracking strain in the model, just like in the compression simulation. Only the stress–strain curve’s descending branch for concrete in tension has the following Equation (27) value for    d t   :


   d t  = (  f t  −  σ t  ) /  f t   



(27)




in which    f t    is the tensile strength of concrete and    σ t    is the tensile stress of concrete corresponding to the tensile strain    ε t   .
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Figure 3. Stress–strain relationship for concrete in compression and tension used for structural analysis, as given in Eurocode [21]. 
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4.4. Concrete-Elevated Temperature


4.4.1. Thermal Conductivity


According to Eurocode 2 [21], the thermal conductivity of normal weight concrete is determined between lower and upper values as in the following Equations (28) and (29).



For upper limit of thermal conductivity:


    λ c  = 2 − 0.2451    (  θ / 100  )  + 0.0107    (  θ / 100  )   2        W / mK   20   ° C ≤ θ ≤ 1200   ° C   



(28)







For lower limit of thermal conductivity:


    λ c  = 1.36 − 0.136  (  θ / 100  )  + 0.0057    (  θ / 100  )   2      W / mK   20   ° C ≤ θ ≤ 1200   ° C   



(29)








4.4.2. Specific Heat


Eurocode 2 [21] is obtained by the specific heat of dry concrete ( u  = 0) by following Equations (30)–(33).


    C  p θ   = 900           J / kgK   20   °  C    ≤    θ a  ≤ 100   ° C   



(30)






    C  p θ   = 900 +  (  θ − 100  )      J / kgK   100   ° C <  θ a  ≤ 200   ° C   



(31)






    C  p θ   = 1000 +  (  θ − 200  )  / 2     J / kgK   200   ° C <  θ a  ≤ 400   ° C   



(32)






    C  p θ   = 1100         J / kgK   400   ° C <  θ a  ≤ 1200   ° C   



(33)







However, the moisture did not consider in the calculation method explicitly, so the Eurocode 2 specifies the peak of specific heat by a constant value between 100 °C and 115 °C, and linear decrease between 115 °C and 200 °C.



   C  p . p e a k   =   900 J/kgK   for 0% of moisture content of concrete weight.



   C  p . p e a k   =   1470 J/kgK   for 1.5% of moisture content of concrete weight.



   C  p . p e a k   =   2020 J/kgK   for 3.0% of moisture content of concrete weight.




4.4.3. Thermal Expansion


The thermal strain of concrete    ε c   ( θ )    is defined by Eurocode 2 [21] as in the following Equations (34) and (35):


    ε c   ( θ )  = − 1.8 ×   10   − 4   + 9 ×   10   − 6   θ + 2.3 ×   10   − 11    θ 3      20   °  C    ≤    θ a  ≤ 700   ° C   



(34)






    ε c   ( θ )  = 14 ×   10   − 3                       700   ° C <  θ a  ≤ 1200   ° C   



(35)








4.4.4. Density


The density of concrete influenced by water loss is defined by Eurocode 2 [21] by the following Equations (36)–(39):


   ρ  ( θ )  = ρ  (  20   ° C  )                          20   °  C    ≤    θ a  ≤ 115   ° C   



(36)






   ρ  ( θ )  = ρ  (  20   ° C  )  × ( 1 − 0.02 ×  (  θ − 115  )  / 85 )       115   °  C    ≤    θ a  ≤ 200   ° C   



(37)






   ρ  ( θ )  = ρ  (  20   ° C  )  × ( 0.98 − 0.03 ×  (  θ − 200  )  / 200 )       200   °  C    ≤    θ a  < 400   ° C   



(38)






   ρ  ( θ )  = ρ  (  20   ° C  )  × ( 0.95 − 0.07 ×  (  θ − 400  )  / 800 )         400   ° C   ≤    θ a  ≤ 1200   ° C   



(39)








4.4.5. Stress–Strain Curve


The stress–strain relationship of normal weight concrete at an elevated temperature is determined according to Eurocode 2 [21]. The following Equation (40) is to determine the compression behavior of concrete as shown in Figure 4.


   σ =  (  3 × ε ×  f  c θ    )  /  (   ε  c 1 , θ ×    (  2 +    (   ε   ε  c 1 , θ      )   3   )   )            ε ≤  ε  c 1 , θ     



(40)







   f  c θ     is the compressive strength of concrete.



   ε  c 1 , θ     is the strain corresponding to    f  c θ    .



For the range    ε  c 1  ( θ )    ≤ ε ≤  ε  c u 1 , θ    , the stress ( σ ), a descending branch should be adopted for numerical purposes. Linear or non-linear are permitted.    ε  c u 1 , θ     is the ultimate strength of concrete at an elevated temperature.
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Figure 4. The stress–strain relationship for concrete at elevated temperature. 
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The main value parameters of the stress–strain relationship of normal weight concrete at an elevated temperature is presented in Table 2 for Eurocode 2 [21].



To be more conservative, usually the tensile strength of concrete should be ignored; however, if it requires to count on tensile strength, the tensile strength of concrete at an elevated temperature is calculated as in the following Equations (41)–(43):


   f  c k , t    ( θ )  =  k  c k    ( θ )  ×  f  c k , t    



(41)






    k  c k    ( θ )  = 1.0                       20   °  C    ≤   θ ≤ 100   ° C   



(42)






    k  c k    ( θ )  = 1.0 − 1.0 ×  (  θ − 100  )  / 500         100   ° C < θ ≤ 600   ° C   



(43)







   k  c k    ( θ )    is the coefficient for decrease of tensile stress of concrete.



   f  c k , t    ( θ )    is the tensile strength of concrete at elevated temperature.



   f  c k , t     is tensile strength of concrete at ambient temperature.






5. Modeling of the Specimens


All of the steel I-beam, shear connections, reinforcing bars, and concrete slab have to be modeled in order to obtain correct results using the ABAQUS software (6.14.2). Friction and hard contact were used in the ABAQUS standard programe to simulate the interaction between the parts. Figure 5 and Figure 6 illustrate the detailing of specimens.



5.1. Element Type


Figure 7 illustrates a typical finite element mesh used to simulate the test specimen’s geometry. The steel beam, shear connector, and concrete slab were all modeled using the eight-node solid element (C3D8R), as was the linear two-node truss element (T3D2). At each node in the global coordinate, there are two nodes and three translational degrees of freedom (translation in the x, y, and z dimensions).




5.2. Element Interaction


Accurately identifying the relationship between the pieces is critical to how finite element analysis behaves. The interaction between steel, concrete, and reinforcing elements was defined in two ways. The interaction between the steel and concrete elements was defined by the use of surface to surface contact (standard). Tangential behavior was modeled using a friction penalty concept. A steel plate-concrete block friction coefficient of 0.47 was reported by [25] with a nominal pressure range of 0–468 MPa. The stiffened angle shear connection (angle profile and stiffener) was modeled using an interlayer friction coefficient of 0.47. According to [26,27,28], we assumed that the bottom of the concrete slab and steel flange had a friction coefficient of 0.3. All contact layers were tested using a hard contact pressure-overclosure technique. Any contact pressure can be communicated between surfaces when they are in touch. If the contact pressure drops to zero, the surfaces will separate. When the space between two objects shrinks to zero, they come into touch [22]. No slide was supposed to occur between the reinforcing bars and the concrete slab to provide a solid connection. To do this, reinforcing bar elements were embedded into the concrete.




5.3. Loading and Boundary Condition


The finite element analysis was based on the same loading as the test specimen. On the concrete slab, a vertical velocity loading was used to put pressure on it. The weight is being transferred downwards. In the nonlinear stage, velocity-controlled loading is more stable than force-controlled loading. A quick loss in load-carrying capacity in brittle materials like concrete results in a significant rise in kinetic energy, which is particularly critical for these materials. To obtain a stable and reliable solution, the load application rate should be carefully designated and sufficiently slow to prevent a dramatic increase in the kinematic energy. Therefore, a uniform displacement is slowly applied to the surface of the concrete slab. The optimum loading rate was set to be 0.02 mm/s which has been used by other researchers [13,26,27,28,29,30] and also by using the trial and error approach of different loading rates. According to Figure 8, all I-beam sections were restrained against displacement in all three directions to mimic boundary conditions for specimens.



Temperature load under the coupled temp-displacement step was used to apply heat with an amplitude of heat according to the standard fire curve [3]. Figure 9 shows the area of applying heat where the heat is applied in a laboratory test.





6. Finite Element Results


6.1. Verification of Finite Element Results


To ensure modeling accuracy, the FE modeling was verified with experimental results that are presented in paper [17,31]. Based on the results of the experimental study and comparison with FE modeling, FE modeling exhibited reasonable elastic and plastic behavior of the stiffened shear connector. Figure 10 presents the von Mises stress of stiffened shear connector and concrete, that shows the stresses exceeded the yield strength of steel where shear connector failure occurred. Concrete compression damage is unitless by referring to Equation (24), and its values are in the range of 0 to 1, where 1 represents concrete crushed. Figure 11 presents the concrete compression damage in FEA around the stiffener and the front leg of the angle where experimental work concrete compression damage happened, as shown in Figure 12. The leg of the shear connector is the weakest zone of the traditional C-shaped shear connector that is supported by a stiffener-like truss shape to enhance the bending moment capacity of the shear connector, similar to supporting the cantilever beam by truss. Figure 13 demonstrates the deformation of the steel I-beam at 850 °C in the experimental work due to local buckling, and the same deformation occurred in FEA, as shown in Figure 14. However, FE modeling assumed the perfect condition of push-out tests, whereas the perfect condition in the laboratory cannot be achieved in reality; thus, slight differences in results are expected.




6.2. Investigation of Finite Element Method Results


The evaluation mostly deliberated on the shear capacity of the stiffened shear connector at ambient and elevated temperatures with different dimensions of shear connectors at different temperatures.



As distinguished in the literature review, different sizes of angle shear connectors were studied. Thus, heights of 75 and 100 mm were more effectual than others considering the previous research investigations. In this paper, in addition, a 120 mm height was selected because unlike an ordinary C-shaped shear connector, which is a non-stiffened shear connector with the same dimensions, the height of the stiffened shear connector is a crucial parameter. Besides, the shear width of the angle profile plays a vital role in the shear capacity of the stiffened shear connector; therefore, 30, 50, 80, and 100 mm widths were investigated. The results show that temperature has a destructive effect on the strength of materials. Consequently, a temperature up to 1050 °C was selected to be applied on all specimens for two reasons. Firstly, an elevated temperature causes a remarkable drop in the shear capacity of stiffened shear connector. Secondly, conducting this test at this temperature requires costly specific equipment.



6.2.1. Failure Mode


As earlier studies illustrated, due to the unequal thermal conductivity of steel and concrete, the temperature of concrete is typically lower than that of shear connectors by approximately 100–150 °C [14,32,33]. The detailed investigation in this study reveals the same pattern, as shown in Figure 15, Figure 16, Figure 17 and Figure 18, which causes the strength of the shear connector to drop faster than the surrounding concrete. Thus, concrete crushing failure mode at an elevated temperature is less likely, and failure is most likely governed by steel failure. The potential damage to strength caused by heating must be considered. Heating included the vaporization of free water at approximately 100 °C, which meant that humidity had no effect on the concrete strength during the test; several aggregates underwent quartz transformation above 600 °C; concrete started sweating and cracking at approximately 450 °C [34]. The failure mode observed under monotonic loading at elevated temperatures for the stiffened angle shear connectors was accompanied by a longitudinal crack throughout the slab. The observed cracks were due to concrete and steel isotropic essence. The thermal increase of the concrete depended on temperature alteration. Several cracks formed around the surface of the connectors and in a direction parallel to the steel I-beam [17]. Bazant and Kaplan (1996) [35] observed that cracking occurs due to structural stresses in concrete caused by inhomogeneous thermal increases, which are expressed as a temperature function based on Eurocode 2 [21].



By observing the experimental results and FE model results at elevated temperatures due to reduction of steel strength, the stiffened shear connector slightly bended before failure and then sheared off (shear connector failure). Figure 10 and Figure 12 illustrated the base of the shear connector that exceeded the yield strength of steel, that caused failure of the shear connector and concrete damage occurrence at this area. Concrete crushing failure was observed at ambient temperatures where the width of the shear connector was 80 mm and occurred at elevated temperatures with the full-length stiffened shear connector of 80 mm width at lower temperatures where the stiffness of steel did not yet drop considerably [17]. Most specimens failed with the same type of failure at ambient and elevated temperatures. At elevated temperatures, the shear connectors’ behavior was more ductile due to the reduction in steel strength, and the failure was more ductile than that at ambient temperatures. The width and the height of the novel stiffened shear connector play a vital role in terms of its strength. Therefore, the connector area facing the force was enhanced by increasing the width and the height of the angle profile.




6.2.2. Investigation of FE Results at Ambient Temperatures


In recent studies, comparing the results of 60–120 mm heights of typical shear connectors found that the height of the angle shear connector does not play a vital role on shear strength, but heights of 75 and 100 mm were optimal [36,37,38,39,40,41,42]. Thus, in this paper, 75, 100, and 120 mm heights were used to conduct the FE model. The results prove that due to the existence of the stiffener, the height of the shear connector was effective. Table 3 presents the results of FE modeling at ambient temperatures.



Table 3 illustrates the close relation between the experimental work and FE modeling. Table 3 also presents the shear strength capacity of the stiffened shear connector and determined that by enhancing the height of the shear connector from 75 mm to 100 mm; the enhancement shear capacity of the full-length stiffened shear connector was approximately similar to experimental work [17] with slight differences of 36%, 28%, 28%, and 43% for widths of 30, 50, 80, and 100 mm, respectively. Likewise, for the half-length stiffened shear connector, the shear capacity increments were approximately 16.4%, 8.2%, 40.3%, and 42.8% for widths of 30, 50, 80, and 100 mm, respectively. The FE results show that the shear strength from 75 mm height to 120 mm height was more enhanced. For instance, for the full-length stiffened shear connector, 84%, 46.9%, 63.6%, and 69.9% enhancements were observed for widths of 30, 50, 80, and 100 mm, respectively. This increment for the half-length stiffened shear connector was almost in the same range with slight differences of 78.3%, 41.6%, 58.3%, and 69.5% for widths of 30, 50, 80, and 100 mm. The importance of the novel stiffened shear connector was caused by the presence of a stiffener to support, carry load, and reduce bending moments in the shear connector, unlike the typical shear connector in previous studies. As mentioned earlier, the width of the shear connector has a remarkable contribution in the enhancement of the stiffened angle shear connector. Thus, width is more crucial than height in terms of increasing the strength of the shear connector, as shown in Table 4. For instance, shear strength increased by 44.9% and 61.9% on average for widths from 30 mm to 50 mm for full and half-length stiffened shear connectors, respectively, whereas these average increments from widths of 50 mm to 80 mm were equivalent to 42.1% for full-length and 41.7% for half-length stiffened shear connectors. Unexpectedly, 105.1% for full-length and 128.9% for half-length were averages of shear enhancement by changing the width of the stiffened shear connector from 30 mm to 80 mm. This figure for increasing the width from 30 mm to 100 mm increased to 128.9% for full-length and 152.9% for half-length stiffener on average. By increasing the width, the area of the facing load was enhanced, which led to reduced pressure under certain loads. Thus, by referring to the fundamental pressure equation (  σ = F / A  ), where  σ  is the pressure, F is the force, and A is the loading area, when the loading area increases to reach a certain pressure, the load is also enhanced.




6.2.3. Investigation of FE Results at Elevated Temperature


	
Heat distribution






As earlier studies illustrated, due to the unequal thermal conductivity of steel and concrete, the temperature of concrete is typically lower than that of the shear connector by approximately 100–150 °C [14,30,32]. The detailed investigation in this paper reveals the same pattern, as shown in Figure 15, Figure 16, Figure 17 and Figure 18, which causes the strength of the shear connector to drop faster than the surrounding concrete. Thus, concrete crushing failure mode at an elevated temperature is less likely, and failure is most likely governed by steel failure.



	
Shear strength reduction at elevated temperature






The strength of the angle profile dropped more than that of concrete because the temperature in the steel profile is higher by 100–150 °C, as discussed in the previous section. Thus, the shear connector is expected to fail before concrete at an elevated temperature. Deep, detailed investigation of the FE results found that failure in shear connectors occurred. The stiffened shear connector failed at the bottom of the stiffened shear connector leg or on the other hand, upper line of welding line, where the value of von Mises stress is highest (Figure 19), and the value of S22 stress is highest (stress in Y direction) is in the loading direction (Figure 20). Shariati et al. 2020 [42] also found that the bottom of the typical shear connector suffers from a high bending moment, and failure occurs. For instance, for a better visualization, the distorted photo by a scale factor of 8 shows the failure line in the stiffened shear connector, as illustrated in Figure 21.



Subsequently, the temperature enhancement caused the reduction in the shear strength of the shear connector, which was between 7.85% and 91.84% in the stiffened angle shear connectors with 75 mm height, 3.37% to 92.14% in those with 100 mm height, and for 120 mm height, was in the range of 7.58% and 93.33% at all temperatures. The reduction factor of material strength at an elevated temperature controls the dropping load-carrying capacity of the stiffened shear connector. In experimental study [17] and FE modeling, local buckling failure was observed for stiffened shear connectors with heights of 100 and 120 mm and widths of 80 and 100 mm at 850 °C and 1050 °C, as shown in Figure 14 and Figure 15. Local buckling failure occurred due to the considerable reduction of strength of steel at elevated temperatures. Figure 15, Figure 16, Figure 17 and Figure 18 present the heat distribution in specimens, and the temperature in the web and the flange of the steel I-beam was higher than those of the stiffened shear connector; thus, the stiffness reduction in the web and the flange was more than those of the shear connector, which means stiffness of the stiffened shear connector is higher than the flange and the web of the steel I-beam at elevated temperatures. Therefore, under loading, the steel I-beam buckled first before the shear connector failed. To avoid local buckling, using stiffener to increase stiffness in the steel I-beam at elevated temperatures is recommended.



Table 5, Table 6 and Table 7 compare the ultimate loads for 75, 100, and 120 mm heights based on the FE findings. Figure 22, Figure 23 and Figure 24 show how high temperatures impact the load-carrying capacity of shear connections in comparison to those obtained at ambient temperatures, and how high temperatures degrade the resistance and stiffness of stiffened angle shear connectors. At different temperatures, the angle shear connector’s ultimate load-carrying capacity fell by about 7.85–93.33% for the full-length stiffener, and roughly 3.37–92.94% for the half-length stiffener. At 1050 °C, the strength of the 120 mm-high connector was reduced by up to 90% for 30 mm, 91% for 50 mm and 80 mm widths, and 93% for 100 mm widths. As with the stiffened angle shear connector, the strength decreases for the 100 mm wide connector were 89%, 90%, 91%, and 92% for 30 mm, 50 mm, 80 mm, and 100 mm widths, respectively. Strength loss was essentially same for all types of shear connectors, regardless of temperature, and the stiffened shear connectors’ geometry and form had a little influence on their strength when compared to shear strength at room temperature. According to the Eurocode 1994 standard, increasing the temperature immediately affects the steel’s specific heat. Slight decreases in stiffening angle shear connection characteristic resistance (Pelevated/Pambient) were seen at temperatures up to 1050 °C, as illustrated in Figure 22, Figure 23 and Figure 24 for heights of 75 mm, 100 mm, and 120 mm, respectively, as the temperature rose.



The novel stiffened shear connector perfectly overcomes the weakness of the ordinary C-shaped shear connector, which is high bending moment at the root of the shear connector, because bending moment is one of the vital criteria of the shear connector to resist shear force. The shear connector in composite under lateral loads behaves like a cantilever beam and suffers from a high amount of bending moment, and a truss-shaped stiffener reduces the bending moment in the shear connector. Thus far, two stiffeners were designed, full-length and half-length, and their height was equivalent to that of the shear connector, leading the height of the shear connector to become one of the crucial parameters to increasing the shear capacity of the shear connector, unlike the ordinary C-shaped shear connector whose height has no momentous contribution in terms of shear enhancement. Therefore, by increasing the height of the shear connector for the full-length of the shear, more shear enhancement was observed. In addition, the half-length stiffened shear connector’s behavior was slightly more flexible compared with that of the full-length stiffened one. Figure 25 presents the efficiency of height to enhance the shear strength of the shear connector.



The width of the shear connector in the stiffened shear connector and ordinary shear connector has a vital role in enhancing the shear strength of the shear connector. Increasing the width of the steel angle profile bearing area of force at the root of the shear connector rises, as mentioned in the previous section, by increasing the area the pressure drops that resulted in bearing higher forces. Moreover, using a longer width of angle profile enhanced the welding line where the shear connector was attached to the steel girders, resulting in more welding line and more fixity of the shear connector against lateral forces. Figure 26 demonstrates the shear enhancement in terms of increasing the width. The stiffened shear connector at ambient temperatures behaves much better and safer compared with the existing C-shaped shear connector, and the shear strength of the stiffened shear connector was higher by 126%, compared with the same geometry of the ordinary C-shaped shear connector. Therefore, its behavior in the event of a fire was investigated. According to the literature review and material properties, elevated temperature has a destructive effect on the strength of materials. The shear strength of the stiffened shear connector at elevated temperature dropped substantially, but its shear strength at a 700–850 °C temperature was equal to that of the ordinary C-shaped shear connector at ambient temperatures with the same geometry. Thus, the stiffened shear connector is extremely safer in ambient and especially elevated temperatures. The shear reduction of shear strength at elevated temperatures could reach up to an average of 91% at a temperature of 1050 °C. Figure 27 shows the average shear reduction at different levels of elevated temperatures.





6.3. Comparing Stiffened Angle Shear Connector with No Stiffened Angle Shear Connector


The C-shaped angle shear connector has been investigated, and its behavior embedded to normal concrete and high-strength concrete has been studied [33,36,37,38]. Using high-strength concrete instead of using normal concrete enhanced the shear capacity of the typical angle shear connector by 38% on average, as shown in Figure 28, Figure 29, Figure 30 and Figure 31. Thus, high strength concrete with grade   (  f c  )   80 MPa [37,39,40] can only increase the capacity by 38% on average whilst casting high-strength concrete is challenging and costly.



The novel stiffened angle shear connector was compared with the non-stiffened shear connector. Figure 32, Figure 33, Figure 34, Figure 35, Figure 36, Figure 37, Figure 38 and Figure 39 show the comparison of previous studies [33,34,35,39,43,44] of typical shear connectors embedded to normal concrete and high-strength concrete versus the novel stiffened shear connectors embedded to normal concrete. The novel stiffened shear connector embedded in normal concrete enhanced the shear capacity from 93% to 259% compared with the C-shaped angle shear connector in normal concrete and high-strength concrete.



Half-length stiffened shear connectors (different heights and widths) embedded in normal concrete enhanced shear capacity by 166–229% and 93–121% compared with typical shear connector in normal concrete and high-strength concrete, respectively. This shear increment for the same size of stiffened shear connectors with full-length stiffener against typical shear connectors in normal concrete and high-strength concrete increased to 185–259% and 107–157%, respectively. Thus, stiffening concrete only obtained 38% enhancement in average for shear strength, whereas stiffening the shear connector, the shear increment reached 164% on average. Comparing results determined that using stiffener instead of using high-strength concrete is remarkably reliable. This improvement in shear capacity proved that the concept of designing novel stiffened shear connectors responds perfectly. Moreover, strength enhancement of the shear connector contributes in terms of saving steel, cost, and time, and is easy to perform and considerably safer compared with typical shear connectors at ambient temperatures, especially in the event of a fire, which will be discussed in the next sections.




6.4. Comparing Novel Stiffened Shear Connector with Former Studies at Elevated Temperature


The importance and novelty of the stiffened shear connector are shown by comparing the results of the novel stiffened shear connector at elevated temperatures, where the strength of materials drops remarkably with the typical shear connector at ambient temperatures. The shear strength of the typical shear connector at ambient temperatures was equivalent to that of the stiffened shear connector (same height and width) at 700 °C to 850 °C. However, the stiffened shear connector was greatly safer than the typical shear connector. Table 8 summarizes the results of former studies against the current study.





7. Conclusions


The height of the shear connector in the novel shear connector plays a vital role in enhancing shear strength, whereas height has a negligible effect in the ordinary shear connector. The shear strength of the ordinary C-shaped shear connector at ambient temperatures is equivalent to that of the novel stiffened shear connector at 700–850 °C, which proves the absolutely better performance of the novel stiffened shear connector. The half-length stiffened shear connector’s behavior is more ductile than that of the full-length one due to lesser fixity of the stiffener. Shear strength is enhanced by 13–43% by increasing the height by 25 mm. At ambient temperatures, by increasing the height of the stiffened shear connector from 75 mm to 120 mm, shear strength is enhanced by 66% and 62% on average for full and half-length stiffeners due to the presence of the stiffener. In terms of width, by increasing the width from 30 mm to 120 mm, shear strength is enhanced by 129% and 153% for full and half-length stiffened shear connectors, respectively. As temperature increases, the mechanical properties of steel drops, especially its strength, which leads to strength reductions of 6.82–80.02% and 8.01–80.20% for full and half-length stiffeners, respectively. The load capacity of the novel stiffened shear connectors at elevated temperatures is considerably lower than at ambient temperatures. As test temperatures increase, the connectors’ flexibility increases. In general, more flexibility is observed for long connectors compared with short connectors at elevated temperatures. At elevated temperatures, shear strength is reduced by up to 93% for various stiffened shear connectors by reaching a temperature of 1050 °C. Additionally, at a temperature of 850 °C and above, local buckling occurs for specimens with widths of 80 and 100 mm and heights of 100 and 120 mm due to the considerable strength reduction of the steel I-beam before failure in the stiffened shear connector.
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Figure 1. Stress–strain relationship for steel materials [21]. 
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Figure 5. Typical view of the specimens in the experimental test. 
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Figure 6. Geometry of the specimens in the experimental test. 
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Figure 7. Typical meshing of steel part in specimen with stiffened shear connector. 
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Figure 8. Boundary condition and loading in the specimen. 
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Figure 9. Area of applying heat. 
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Figure 10. Von Mises stress (N/m2). 
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Figure 11. Concrete compression damage—FEA. 
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Figure 12. Concrete compression damage—Exp [31]. 






Figure 12. Concrete compression damage—Exp [31].



[image: Sustainability 15 00184 g012]







[image: Sustainability 15 00184 g013 550] 





Figure 13. Comparison deformation of steel I-beam at elevated temperature-Exp [31]. 
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Figure 14. Comparison deformation of steel I-beam at elevated temperature-FE. 
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Figure 15. Heat distribution at 550 °C. 
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Figure 16. Heat distribution at 700 °C. 
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Figure 17. Heat distribution at 850 °C. 
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Figure 18. Heat distribution at 1050 °C. 
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Figure 19. Von Mises stress (N/m2) of shear connector at 550 °C. 






Figure 19. Von Mises stress (N/m2) of shear connector at 550 °C.



[image: Sustainability 15 00184 g019]







[image: Sustainability 15 00184 g020 550] 





Figure 20. Stresses (N/m2) in loading direction at 550 °C. 
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Figure 21. Von Mises stress (N/m2) of shear connector at 550 °C with distortion scale: 8. 
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Figure 22. Relative values of ultimate load-carrying capacity of 75 mm specimens. 
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Figure 23. Relative values of ultimate load-carrying capacity of 100 mm specimens. 
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Figure 24. Relative values of ultimate load-carrying capacity of 120 mm specimens. 
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Figure 25. Average of shear enhancement by increasing the height of stiffened shear connector. 
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Figure 26. Average of shear enhancement by increasing the width of stiffened shear connector. 
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Figure 27. Average of shear reduction in different level of elevated temperature. 
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Figure 28. Strength increment of angle 100–50 shear connector in normal vs. high-strength concrete. 
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Figure 29. Strength increment of angle 100–30 shear connector in normal vs. high-strength concrete. 
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Figure 30. Strength increment of angle 75–50 shear connector in normal vs. high-strength concrete. 
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Figure 31. Strength increment of angle 75–30 shear connector in normal vs. high-strength concrete. 
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Figure 32. Stiffened angle shear connector vs. non-stiffened shear connector in high strength concrete (angle 100–50). 
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Figure 33. Stiffened angle shear connector vs. non-stiffened shear connector in normal concrete (angle 100–50). 
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Figure 34. Stiffened angle shear connector vs. non-stiffened shear connector in high strength concrete (angle 100–30). 
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Figure 35. Stiffened angle shear connector vs. non-stiffened shear connector in normal concrete (angle 100–30). 
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Figure 36. Stiffened angle shear connector vs. non-stiffened shear connector in high strength concrete (angle 75–50). 
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Figure 37. Stiffened angle shear connector vs. non-stiffened shear connector in normal concrete (angle 75–50). 
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Figure 38. Stiffened angle shear connector vs. non-stiffened shear connector in high strength concrete (angle 75–30). 
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Figure 39. Stiffened angle shear connector vs. non-stiffened shear connector in normal concrete (angle 75–30). 






Figure 39. Stiffened angle shear connector vs. non-stiffened shear connector in normal concrete (angle 75–30).
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Table 1. Reduction factors of stress–strain relationship of steel at elevated temperature [21].
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    Reduction   Factors   at   Temperature    θ a           Relative   to   the   Value   of    f y           or    E a   at   20   ° C   




	
Steel

   Temperature    θ a    

	
    Reduction   Factor   ( Relative   to    f y  )   for   Effective   Yield   Strength    

     k  y θ   =  f  y θ   /  f y     

	
    Reduction   Factor   ( Relative   to    f y   )   for   Proportional   Limit   

     k  p θ   =  f  p θ   /  f y     

	
    Reduction   Factor   ( Relative   to    E a   )   for   the   Slope   of   the   Linear   Elastic   Range   

     k  E θ   =  E  a θ   /  E a     






	
20 °C

	
1.000

	
1.000

	
1.000




	
100 °C

	
1.000

	
1.000

	
1.000




	
200 °C

	
1.000

	
0.807

	
0.900




	
300 °C

	
1.000

	
0.613

	
0.800




	
400 °C

	
1.000

	
0.420

	
0.700




	
500 °C

	
0.780

	
0.360

	
0.600




	
600 °C

	
0.470

	
0.180

	
0.310




	
700 °C

	
0.230

	
0.075

	
0.130




	
800 °C

	
0.110

	
0.050

	
0.090




	
900 °C

	
0.060

	
0.038

	
0.068




	
1000 °C

	
0.040

	
0.025

	
0.045




	
1100 °C

	
0.020

	
0.013

	
0.023




	
1200 °C

	
0.000

	
0.000

	
0.000
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Table 2. Main parameter values of normal weight concrete at elevated temperature, Eurocode 2 [21].
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	    Steel   Temperature    θ a     
	     f  c θ   /  f  c k      
	     ε  c 1 , θ      
	     ε  c u 1 , θ      





	20 °C
	1.00
	0.0025
	0.0200



	100 °C
	1.00
	0.0040
	0.0225



	200 °C
	0.95
	0.0055
	0.0250



	300 °C
	0.85
	0.0070
	0.0275



	400 °C
	0.75
	0.0100
	0.0300



	500 °C
	0.60
	0.0150
	0.0325



	600 °C
	0.45
	0.0250
	0.0350



	700 °C
	0.30
	0.0250
	0.0375



	800 °C
	0.15
	0.0250
	0.0400



	900 °C
	0.08
	0.0250
	0.0425



	1000 °C
	0.04
	0.0250
	0.0450



	1100 °C
	0.01
	0.0250
	0.0475



	1200 °C
	0.00
	-
	-
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Table 3. Results of FE modeling at ambient temperature.
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	ID
	Max Load–FE (kN)
	Max Load–Exp (kN)
	FE/EXP





	1
	A-100-30-F-25
	293.07
	279.58
	1.048



	2
	A-100-30-H-25
	228.30
	226.54
	1.008



	3
	A-100-50-F-25
	438.50
	439.48
	0.998



	4
	A-100-50-H-25
	378.30
	380.76
	0.994



	5
	A-100-80-F-25
	601.40
	596.39
	1.008



	6
	A-100-80-H-25
	610.80
	587.25
	1.040



	7
	A-75-30-F-25
	215.20
	209.75
	1.026



	8
	A-75-30-H-25
	196.10
	195.90
	1.001



	9
	A-75-50-F-25
	341.30
	350.22
	0.975



	10
	A-75-50-H-25
	349.60
	338.37
	1.033



	11
	A-75-80-F-25
	467.10
	465.13
	1.004



	12
	A-75-80-H-25
	435.30
	410.38
	1.061



	13
	A-100-100-F-25
	752.30
	
	



	14
	A-100-100-H-25
	686.60
	
	



	15
	A-75-100-F-25
	524.30
	
	



	16
	A-75-100-H-25
	480.98
	
	



	17
	A-120-30-F-25
	395.93
	
	



	18
	A-120-30-H-25
	349.59
	
	



	19
	A-120-50-F-25
	501.2.
	
	



	20
	A-120-50-H-25
	494.99
	
	



	21
	A-120-80-F-25
	764.01
	
	



	22
	A-120-80-H-25
	689.20
	
	



	23
	A-120-100-F-25
	889.20
	
	



	24
	A-120-100-H-25
	815.20
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Table 4. Shear strength increment in terms of width.
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Type of Stiffener

	
Width Increment

	
75 mm Height

	
100 mm Height

	
120 mm Height

	
Average






	
Full-length stiffener

	
From 30 to 50 mm

	
58.6%

	
49.6%

	
26.6%

	
44.9%




	
From 50 to 80 mm

	
36.9%

	
37.1%

	
52.4%

	
42.1%




	
From 80 to 100 mm

	
12.2%

	
25.1%

	
16.4%

	
17.9%




	
From 30 to 80 mm

	
117.1%

	
105.2%

	
93.0%

	
105.1%




	
From 30 to 100 mm

	
105.5%

	
156.7%

	
124.6%

	
128.9%




	
Half-length stiffener

	
From 30 to 50 mm

	
78.3%

	
65.7%

	
41.6%

	
61.9%




	
From 50 to 80 mm

	
24.5%

	
61.5%

	
39.2%

	
41.7%




	
From 80 to 100 mm

	
10.5%

	
12.4%

	
18.3%

	
13.7%




	
From 30 to 80 mm

	
122.0%

	
167.5%

	
97.1%

	
128.9%




	
From 30 to 100 mm

	
124.8%

	
200.7%

	
133.2%

	
152.9%
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Table 5. Summary of FE ultimate load for stiffened angle shear connector at elevated temperature–75 mm height.






Table 5. Summary of FE ultimate load for stiffened angle shear connector at elevated temperature–75 mm height.












	
	Specimen ID
	Max Load–Exp (kN)
	Max Load–FE (kN)
	FE/EXP





	1
	A-75-30-F-550
	195.44
	198.3
	1.015



	2
	A-75-30-F-700
	129.55
	135.5
	1.046



	3
	A-75-30-F-850
	70.7
	71.69
	1.014



	4
	A-75-30-F-1050
	
	20.3
	



	5
	A-75-30-H-550
	170.93
	176.5
	1.033



	6
	A-75-30-H-700
	116.22
	125.9
	1.083



	7
	A-75-30-H-850
	65.63
	64.8
	0.987



	8
	A-75-30-H-1050
	
	18.26
	



	9
	A-75-50-F-550
	275.54
	273.005
	0.991



	10
	A-75-50-F-700
	176.62
	174.98
	0.991



	11
	A-75-50-F-850
	95.42
	90.3
	0.946



	12
	A-75-50-F-1050
	
	38.18
	



	13
	A-75-50-H-550
	263.67
	256.7
	0.974



	14
	A-75-50-H-700
	166.45
	175.7
	1.056



	15
	A-75-50-H-850
	81.81
	87.5
	1.070



	16
	A-75-50-H-1050
	
	29.87
	



	17
	A-75-80-F-550
	431.48
	415.01
	0.962



	18
	A-75-80-F-700
	255.8
	251.1
	0.982



	19
	A-75-80-F-850
	187.41
	178.11
	0.950



	20
	A-75-80-F-1050
	
	43.61
	



	21
	A-75-80-H-550
	375.36
	363.7
	0.969



	22
	A-75-80-H-700
	213.29
	203.1
	0.952



	23
	A-75-80-H-850
	158.55
	156.86
	0.989



	24
	A-75-80-H-1050
	
	35.5
	



	25
	A-75-100-F-550
	
	467.98
	



	26
	A-75-100-F-700
	
	284.5
	



	27
	A-75-100-F-850
	
	167.2
	



	28
	A-75-100-F-1050
	
	51.22
	



	29
	A-75-100-H-550
	
	440.94
	



	30
	A-75-100-H-700
	
	267.7
	



	31
	A-75-100-H-850
	
	141.56
	



	32
	A-75-100-H-1050
	
	53.1
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Table 6. Summary of FE ultimate load for stiffened angle shear connector at elevated temperature–100 mm height.
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	Specimen ID
	Max Load–Exp (kN)
	Max Load–FE (kN)
	FE/EXP





	1
	A-100-30-F-550
	258.89
	264.1
	1.020



	2
	A-100-30-F-700
	163.21
	156.1
	0.956



	3
	A-100-30-F-850
	87.63
	87.4
	0.997



	4
	A-100-30-F-1050
	
	30.25
	



	5
	A-100-30-H-550
	208.38
	220.6
	1.059



	6
	A-100-30-H-700
	141.51
	145.5
	1.028



	7
	A-100-30-H-850
	79.77
	86.5
	1.084



	8
	A-100-30-H-1050
	
	26.35
	



	9
	A-100-50-F-550
	328.24
	322.4
	0.982



	10
	A-100-50-F-700
	270.84
	266.03
	0.982



	11
	A-100-50-F-850
	101.59
	108.4
	1.067



	12
	A-100-50-F-1050
	
	40.22
	



	13
	A-100-50-H-550
	310.87
	328.99
	1.058



	14
	A-100-50-H-700
	226.28
	220.2
	0.973



	15
	A-100-50-H-850
	95.36
	102.9
	1.079



	16
	A-100-50-H-1050
	
	36.46
	



	17
	A-100-80-F-550
	521.35
	524.7
	1.006



	18
	A-100-80-F-700
	277.1
	255.3
	0.921



	19
	A-100-80-F-850
	119.16
	117.7
	0.988



	20
	A-100-80-F-1050
	
	50.75
	



	21
	A-100-80-H-550
	490.19
	466.5
	0.952



	22
	A-100-80-H-700
	332.77
	334.6
	1.005



	23
	A-100-80-H-850
	115.75
	120.15
	1.038



	24
	A-100-80-H-1050
	
	57.39
	



	25
	A-100-100-F-550
	
	590.95
	



	26
	A-100-100-F-700
	
	394.5
	



	27
	A-100-100-F-850
	
	172.3
	



	28
	A-100-100-F-1050
	
	59.1
	



	29
	A-100-100-H-550
	
	551.7
	



	30
	A-100-100-H-700
	
	372.6
	



	31
	A-100-100-H-850
	
	167.4
	



	32
	A-100-10-H-1050
	
	60.22
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Table 7. Summary of FE ultimate load for stiffened angle shear connector at elevated temperature–120 mm height.
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	Specimen ID
	Max Load–FE (kN)





	1
	A-120-30-F-550
	361.9



	2
	A-120-30-F-700
	215.8



	3
	A-120-30-F-850
	117.76



	4
	A-120-30-F-1050
	42.11



	5
	A-120-30-H-550
	323.1



	6
	A-120-30-H-700
	200.9



	7
	A-120-30-H-850
	111.98



	8
	A-120-30-H-1050
	34.25



	9
	A-120-50-F-550
	404.97



	10
	A-120-50-F-700
	264.28



	11
	A-120-50-F-850
	120.6



	12
	A-120-50-F-1050
	47.07



	13
	A-120-50-H-550
	373.75



	14
	A-120-50-H-700
	243.53



	15
	A-120-50-H-850
	120.48



	16
	A-120-50-H-1050
	44.02



	17
	A-120-80-F-550
	625.9



	18
	A-120-80-F-700
	373.17



	19
	A-120-80-F-850
	151.02



	20
	A-120-80-F-1050
	70.25



	21
	A-120-80-H-550
	585.06



	22
	A-120-80-H-700
	355.89



	23
	A-120-80-H-850
	141.08



	24
	A-120-80-H-1050
	57.63



	25
	A-120-100-F-550
	727.74



	26
	A-120-100-F-700
	411.43



	27
	A-120-100-F-850
	163.7



	28
	A-120-100-F-1050
	59.3



	29
	A-120-100-H-550
	658.5



	30
	A-120-100-H-700
	421.83



	31
	A-120-100-H-850
	150.1



	32
	A-120-100-H-1050
	57.57
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Table 8. Comparing recent studies with current study.
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Previous Studies

	
Current Study




	
References

	
Shear Connector

	
Failure Load-kN

	
Shear Connector

	
Failure Load-kN






	
Angle shear connector with 100 mm height and 50 mm length




	
Paper 1 [33]

	
A-100-50

	
141

	
A-100-50-H-700

	
226.28




	
Paper 2 [34]

	
A-100-50

	
141

	
A-100-50-H-700

	
226.28




	
Paper 3 [15]

	
A-100-50

	
126.78

	
A-100-50-H-700

	
226.28




	
Paper 4 [37]

	
AH-100-50

	
178.3

	
A-100-50-H-700

	
226.28




	
Paper 5 [39]

	
H1A-100-50

	
178.3

	
A-100-50-H-700

	
226.28




	
Paper 6 [40]

	
A80-50-C-sahped

	
138.84

	
A-100-50-H-700

	
226.28




	
A-100-50-C-shaped

	
150.57

	
A-100-50-H-700

	
226.28




	
A-80-100-C-shaped

	
163.65

	
A-100-50-H-700

	
226.28




	
A-80-50-L-shaped

	
136.9

	
A-100-50-H-700

	
226.28




	
A-100-50-L-shaped

	
132.28

	
A-100-50-H-700

	
226.28




	
A-80-100-Lshaped

	
205.15

	
A-100-50-H-700

	
226.28




	
Connector with 100 mm height and 30 mm length




	
Paper 1 [33]

	
A-100-30

	
77.9

	
A-100-30-H-850

	
79.77




	
Paper 2 [34]

	
A-100-30

	
77.9

	
A-100-30-H-850

	
79.77




	
Paper 3 [15]

	
A-100-30

	
86.79

	
A-100-30-F-850

	
87.63




	
Paper 4 [37]

	
AH-100-30

	
112.7

	
A-100-30-H-700

	
141.51




	
Paper 5 [39]

	
AH-100-30

	
105.2

	
A-100-30-H-700

	
141.51




	
Connector with 75 mm height and 50 mm length




	
Paper 1 [33]

	
A-75-50

	
96.8

	
A-75-50-F-850

	
95.42




	
Paper 2 [34]

	
A-75-50

	
109.6

	
A-75-50-H-700

	
166.45




	
Paper 3 [15]

	
A-75-50

	
103.36

	
A-75-50-H-700

	
166.45




	
Paper 4 [37]

	
AH-75-50

	
152.9

	
A-75-50-H-700

	
166.45




	
Paper 5 [39]

	
AH-75-50

	
152.9

	
A-75-50-H-700

	
166.45




	
Paper 6 [40]

	
A-60-50-C-shaped

	
153.35

	
A-75-50-H-700

	
166.45
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