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ABSTRACT 

 

TESTING OF DEMOU NTABLE SHEAR CONNECTORS 

 

 

 

Karakuĸ, Berk 

Master of Science, Civil Engineering 

Supervisor: Prof. Dr. Cem Topkaya 

 

 

July 2022, 161 pages 

 

In composite beams, the concrete deck cannot be easily demounted from the steel I-

section if welded headed stud connectors are used. A new demountable shear 

connector was developed as a part of this thesis to promote sustainable composite 

construction. The connector is composed of two angle sections and a high-strength 

bolt. The proposed system has been studied through a three-phase experimental 

program. In the first phase, 33 push-out experiments were conducted to determine 

the shear load-carrying capacity. The size of the angle section, bolt diameter, bolt 

grade, concrete strength, loading direction, and bolt thread conditions were 

considered as the parameters. The results showed that the proposed connector system 

provides shear capacities that range between 150 kN and 330 kN and shows ductile 

behavior. In the second phase, six pull-out experiments were conducted to determine 

the tensile load-carrying capacity. The size of the angle sections and total height were 

considered as the parameters. The experimental results showed that the proposed 

connector provides tensile capacities that range between 50 kN and 90 kN. In the 

third phase of the study, four full-scale beam specimens with varying degrees of 

composite action were tested to demonstrate the applicability of the proposed 

connectors. The bending resistance provided by the beams was similar to the ones 

calculated using the conventional rigid plastic analysis of stress blocks. The concrete 
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decks were easily demounted after the beam tests demonstrating the applicability of 

the proposed system for practical applications.  

 

Keywords: Composite Structures, Sustainable Structures, Demountable Connector, 

Mechanical Anchorage, Experimental Investigation 
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ÖZ 

 

S¥K¦LEBĶLĶR MEKANĶK ANKRAJLARININ DENEYSEL 

ĶNCELENMESĶ 

 

 

 

Karakuĸ, Berk 

Yüksek Lisans, Ķnĸaat M¿hendisliĵi 

Tez Yöneticisi: Prof. Dr. Cem Topkaya 

 

 

Temmuz 2022, 161 sayfa 

 

Kompozit kiriĸlerde, geleneksel kaynaklē baĸlēklē çelik ankraj kullanēldēĵēnda, 

betonarme tabliye çelik I-kesitinden kolayca sökülemez. Sürdürülebilir kompozit 

yapēlarē teĸvik etmek i­in bu tezin bir par­asē olarak yeni bir sökülebilir kesme 

ankrajē geliĸtirilmiĸtir. Geliĸtirilen ankraj, iki adet farklē boyutlardaki korniyer 

kesitten ve yüksek mukavemetli bir bulondan oluĸmaktadēr. Önerilen sistem, üç fazlē 

bir deneysel program aracēlēĵēyla incelenmiĸtir. Ķlk fazda, 33 adet itme deneyi 

baĵlantē elemanēnēn kesme kapasitesini ve davranēĸēnē, korniyer boyutu, bulon ­apē, 

bulon dayanēmē, beton dayanēmē, y¿kleme yºn¿ ve bulon diĸ durumu gibi 

parametrelerin etkisi altēnda, incelemek i­in ger­ekleĸtirilmiĸtir. Sonuçlar, önerilen 

baĵlantē sisteminin 150 kN ile 330 kN arasēnda deĵiĸen kesme kapasiteleri 

saĵladēĵēnē ve s¿nek bir davranēĸ sergilediĵini gºstermiĸtir. Ķkinci fazda, 6 adet 

­ekme deneyi baĵlantē elemanēnēn ­ekme kapasitesini ve davranēĸēnē, korniyer 

boyutu ve toplam y¿kseklik gibi parametrelerin etkisi altēnda, incelemek i­in 

ger­ekleĸtirilmiĸtir. Deneysel sonuçlar, önerilen ankrajēn 50 kN ile 90 kN arasēnda 

deĵiĸen bir çekme kapasitesi saĵladēĵēnē gºstermiĸtir. ¢alēĸmanēn ¿­¿nc¿ fazēnda, 

önerilen sökülebilir ankraj sisteminin uygulanabilirliĵini gºstermek i­in deĵiĸen 

kompozitlik derecelerine sahip dört adet tam ºl­ekli kiriĸ numunesi test edilmiĸtir. 
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Kiriĸler tarafēndan saĵlanan eĵilme kapasitesinin, geleneksel rijit plastik analiz 

metodu olan stres blok analiz metodu kullanēlarak hesaplanan kapasiteler ile benzer 

olduĵu belirlenmiĸtir. Önerilen sistemin pratikte ve saha koĸullarēnda 

uygulanabilirliĵini gºsteren kiriĸ testleri sonrasēnda, beton tabliyeler kolaylēkla 

demonte edilebilmiĸtir. 

 

Anahtar Kelimeler: Kompozit Yapēlar, S¿rd¿r¿lebilir Yapēlar, Sºk¿lebilir Ankraj, 

Mekanik Ankraj, Deneysel Ķnceleme 
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CHAPTER 1  

1 INTRODUCTION  

1.1 Steel-Concrete Composite Construction 

In civil engineering practice, steel and concrete are widely used materials. Steel and 

concrete have some advantages and disadvantages over each other. To illustrate, 

steel structures are generally lighter, stiffer, easy to fabricate and install, and more 

ductile. On the other hand, concrete structures are cheaper, more durable, strong 

against compression, and resistant to fire and weather conditions. 

Composite construction is a comprehensive term used to define any structure that 

involves different materials. The main reasons to prefer composite construction are 

increased strength, aesthetics, and sustainability. Considering the properties 

mentioned above, the idea of composite construction comes into the civil engineering 

scheme.  In civil engineering practice, the most common composite construction is 

the usage of steel and concrete together to utilize the compressive strength of 

concrete and the tensile strength of steel.  

In composite construction, reinforced concrete is typically cast on top of profiled 

steel decking (re-entrant or trapezoidal), which eliminates the need for falsework and 

formwork. The depth of the slab varies from 100 mm to 300 mm. Slabs are most 

commonly made of concrete because of its mass and properties, which may be used 

to decrease floor deflections and vibrations while also providing fire protection and 

thermal storage. Additionally, the concrete slab supports the steel section laterally, 

which prevents the steel sectionôs most common failure mode of lateral-torsional 

buckling. Steel is utilized as the slab's supporting system because of its better 

strength-to-weight and stiffness-to-weight ratios, as well as its simplicity of 

handling. With the usage of steel and concrete together, the weight of the structure 

may be reduced by up to 25%, the span of the structure may be increased without the 
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need for intermediate columns compared to concrete structures, and the construction 

duration may be reduced. 

An example of a steel-concrete composite beam is given in Figure 1.1. The concrete 

slab is reinforced and cast in-situ on the profiled metal deck. The connection between 

the concrete slab and the steel beam is provided by the shear connectors shown and 

will be explained in Chapter 1.2. 

 

Figure 1.1: Example of a steel-concrete composite beam 

Over a century ago, composite construction was first used in the design of both a 

building and a bridge in the United States. The use of steel and concrete for flexural 

elements was common in the early types of composite structures, and longitudinal 

slip between these elements was detected. The first kind of composite construction 

is composite steel-concrete beams. An American engineer devised a patent for shear 

connections at the top flange of a universal steel section to avoid longitudinal 

slipping in the United States. This was the start of the development of totally 



 

 

3 

composite steel and concrete systems and the concept of shear connection in 

composite structures. 

1.2 Concept of Shear Connection in Composite Structures 

The strength of composite structures depends on the contribution of the different 

materials included. In steel-concrete composite members, concrete contributes to 

compression, and steel contributes to tension capacity, as mentioned. Under bending, 

shear forces arise at the interface of these elements of the composite member. The 

shear forces between steel and concrete cause the slipping of materials from each 

other, which causes materials to act independently. When the members act 

independently, the capacity of the composite member cannot reach its maximum, 

and the member becomes non-composite. In order to prevent the slip, there is a need 

for connectors to carry the shear forces at the interface, as shown in Figure 1.2.  

 

Figure 1.2: Non-composite and composite beam (Loqman et al., 2018) 

The elements that connect steel and concrete and carry the shear forces are named 

shear connectors (also known as mechanical anchorages). The existence of shear 

connectors allows higher stiffness and higher load-carrying capacity in comparison 

to non-composite beams. As the slip between the materials decreases, the degree of 

the composite action increases, as shown in Figure 1.3. The degree of the composite 

action depends on the number of shear connectors included in the design, e.g., 
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increasing the number of shear connectors increases the degree of composite action 

up to 100%.  

 

Figure 1.3: a) Non-composite, b) Fully-composite, c) Partially-composite beam 

comparison (Azad et al., 2017) 

The main requirements that shear connectors have to fulfill are transferring the direct 

shear at their base, creating tensile links into the concrete, and being economical and 

available on the market. Due to the economic measures, partially-composite 

behavior is generally preferred over fully-composite behavior. 

The load-carrying mechanism of shear connectors is similar to the dowel action 

observed in cracked reinforced concrete section reinforcements. Liberati et al. (2016) 

describe the dowel action as an action that is a complementary shear strength 

mechanism associated with reinforced cracked concrete. When cracks form and cut 

across longitudinal reinforcements, this shear-load transfer mechanism occurs, 

increasing the mechanical shear strength. The shear loads are then transferred to the 

reinforcements by the crack lips. As a result, there is local bending and shear at the 

reinforcements. Some structural components, such as beams with little or no shear 
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reinforcements, can benefit from the dowel action by increasing structural shear 

strength and post-peak ductility. 

As mentioned by Tan et al. (2019), steel-concrete connections must resist uplift 

forces as well as shear forces in some applications, such as composite coupling 

beams and infill walls. As a result, experimental testing to determine the performance 

of steel-concrete connections under combined loading is required. To understand the 

behavior and load-carrying mechanism of shear connectors, push-out, pull-out, and 

beam bending experiments are needed. Definitions of push-out, pull-out, and beam 

bending experiments will be given in Chapter 2, Chapter 3, and Chapter 4, 

respectively.   

1.3 Concept of Demountability in Shear Connections 

To achieve composite action between steel section and concrete deck, mechanical 

anchorages are used in the steel-concrete interface. Although various types of 

anchorages have been developed to date, the traditional welded headed shear stud is 

the most common type of anchorage mainly employed in many composite 

components due to the advantages they offer. 

Because of the damages that occurred to the concrete slab of composite beams 

caused by weather conditions and other external factors, there is a requirement for 

replacement of the concrete deck at certain intervals. Additionally, many medium-

rise structures consisting of composite load-carrying systems in countries such as 

England and Australia, where composite systems are commonly used, have faced the 

need for demolition in the last ten years due to changes in urban land use. In terms 

of recycling, structural steel is a reusable building material, but due to the welded 

connection provided by the traditional headed studs, steel sections are linked to a 

concrete deck that cannot be easily disassembled and reused. Deconstruction of 

traditional composite beams is expensive, energy-intensive, and environmentally 

harmful. 
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The potential to maintain or support any activities without consumption of resources 

or production of wastes is called sustainability. Sustainability is important in civil 

engineering to reduce constructional carbon footprint and prevent climate change 

caused by material waste. In composite structures, sustainability can be applied by 

the reuse of steel members. However, the usage of traditional headed shear studs 

prevents the recyclability of steel members, which brings the idea of providing 

demountability at the connection of steel and concrete members. Demountability 

may be defined as having the ability to be removed from its setting, being designed 

to be dismantled or detached. 

The need for demountable bridge decks is explained by Suwaed & Karavasilis (2017) 

and Eckelman et al. (2018). Many bridges in Europe are damaged by many external 

factors such as weather conditions and crashes, and the same is valid in the United 

States, where one-third of the 607,380 bridges need to be repaired. Bridge 

maintenance ensures the bridge's serviceability as well as the safety of its users by 

inspecting, repairing, reinforcing, or replacing the entire bridge or parts of it. Direct 

economic losses (e.g., material and labor expenses) as well as indirect socioeconomic 

losses (e.g., travel delays, longer travel distances, poor movement of commodities, 

and business interruption) occur from such activities. Indirect losses, which can be 

several times larger than direct losses depending on the kind of bridge and the scope 

of maintenance activities, are a major concern for bridge owners, decision-makers, 

and bridge engineers. 

In recent years, a limited number of researches is done to study the use of high-

strength bolts as composite memberôs mechanical anchorages and to design 

innovative demountable anchorages. According to the findings of these studies, 

high-strength bolts have similar strengths as traditional welded headed studs and can 

be demounted. These anchorages, on the other hand, have several drawbacks, such 

as low stiffness, high cost, and difficulty in being used in modular construction, 

where a precast concrete deck is united with a steel section to reduce concrete placing 

operations on the building site. Further information related to this topic will be given 

in Chapter 1.4. 
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1.4 Background of Demountable Shear Connectors 

The concept of demountable shear connectors started with the use of high-strength 

bolts as mechanical anchorages. The first experimental study about the issue is 

conducted by Dallam & Harpster (1968). In this study, friction-grip bolts were used 

as shear connectors in composite design without any attempt to provide 

demountability in composite beam tests. According to the results, friction-grip bolts 

succeeded in providing the necessary rigid connection between the concrete slab and 

steel girder and reserve capacity sufficient to develop the ultimate moment capacity 

needed in the fully-composite design. Consecutively, a research was conducted by 

Dallam (1969). The same anchorage system of Dallam & Harpster (1968)  is used in 

push-out tests to record the load-slip behavior and measure the direct shear capacity 

of friction-grip bolts. In the design of push-out specimens, bolts were pretensioned. 

The major findings of the project are observation of no loss in prestress with time in 

high-quality concrete, measurement of the capacity of bolts about to be twice that of 

headed studs, and observation of practically zero slip in the service load range. Later 

on, Biswas (1986) focused on the rehabilitation of bridge decks, i.e., the repair or 

replacement of concrete decks used in highway bridges. The connection design 

shown in Figure 1.4 is applied to rehabilitate the Rondout Creek Bridge in New York. 

The offered connection design was composed of a high-strength bolt welded to a 

steel girder and can be demounted by screwing off the nut that is located over the 

concrete deck. 
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Figure 1.4: Example of a demountable shear connector (Biswas, 1986) 

Studies about the retrofitting of the bridges are continued with research by Kwon et 

al. (2009) and a case study of the same bridge by Kwon et al. (2010)a. In these 

studies, the main focus was developing composite action in existing non-composite 

bridge girders. While developing the composite action, shear connectors were 

designed to be suitable for demountability. Thus, an increase in load-carrying 

capacity and the ability to replace the concrete deck were granted. Three different 

post-installed shear connectors were used in retrofitting bridge girders, are shown in 

Figure 1.5. 

 

Figure 1.5: Used post-installed shear connectors: (a) Double nut bolt (DBLNB), (b) 

High-tension friction grip bolt (HTFGB), (c) Adhesive anchor (HASAA) Kwon et 

al. (2009) 
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DBLNB and HASAA type connectors used ASTM-A193 (2004) B7 threaded rods 

for transferring the shear forces; meanwhile, HTFGB type connectors used ASTM-

A325 (1986) high-strength bolts. In all types, top flanges of the steel beams were 

drilled, connectors were pretensioned, and holes were filled with grout. The findings 

of these studies show that adding a minimal number of post-installed anchorages 

may greatly increase the stiffness and strength of existing non-composite bridges. 

Using partial composite design principles and mechanical anchorages with high 

fatigue strength, the number of post-installed shear connectors required to strengthen 

a girder may be reduced. The behavior of the shear connectors shown in Figure 1.5 

under static and fatigue loading and the experimental behavior of retrofitted bridges 

were investigated by Kwon et al. (2010)b and Kwon et al. (2011). Direct-shear push-

out and single-point loading beam bending experiments were conducted. According 

to experiment results, the shear strength of the connectors is higher than the shear 

strength of the traditional headed studs, and the capacity is approximately one-half 

of their tensile strength. The fatigue strength of investigated shear connectors is 

higher than the traditional headed shear stud. Application of post-installed shear 

connectors with only a 30% degree of composite (i.e., shear-connection ratio) action 

increases the load-carrying capacity of the girders on the order of 40-50% compared 

to non-composite girders. Consecutively, a parametric finite element (FE) study 

related to offered shear connectors was conducted by Kwon et al. (2012). ABAQUS 

(2012) finite element software was used in the development of the models. The 

considered variables of the study were beam depth, span length, and degree of 

composite action. The results showed that a minimum 30% shear-connection ratio is 

needed for satisfactory behavior. 

In the following research related to demountable shear connectors, four new 

connectors were offered by Pavloviĺ et al. (2013), and the application of the offered 

connectors with prefabricated decks was investigated by Pavloviĺ et al. (2014). The 

offered connectors are shown in Figure 1.6. Push-out experiments and finite element 

analysis with ABAQUS (2012) software were conducted to investigate the behavior 

of connectors. 



 

 

10 

 

Figure 1.6: Offered shear connectors: a) Friction-grip bolt, b) Bolt without embedded 

nut, c) Single embedded nut, d) Double embedded nut (Pavloviĺ et al., 2013) 

According to the result of the studies, the initial stiffness of the connectors is reduced 

to 50% compared to traditional welded studs. Slips at the failure of the connectors 

are above 6 mm, which fulfills the ductility requirements given in the codes. In 

addition, observations show the suitability of connectors for use with prefabricated 

concrete slabs. 

Load-carrying mechanism of the demountable shear connectors was studied by 

Rowe & Bradford (2013). A simple physical model was constructed to illustrate the 

concept. The characteristics of the mechanism were found to be initially being 

enforced by full shear interaction; after exceedance of the frictional resistance by 

interface shear, parts of the beam have zero interaction, and with the start of bolt 

bearing against their holes, parts of the beam have partial shear interaction. The 

mechanism was assessed and compared with the experiments. 

Moynihan & Allwood (2014) investigated the behavior of an alternative 

demountable anchorage. The anchorage is a machined form of the traditional headed 

stud, as shown in Figure 1.7. 
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Figure 1.7: Demountable anchorage (Moynihan & Allwood, 2014) 

Three composite beams were prepared with a length of 2 m, 10 m, and 5m and tested 

in three-, six- and four-point bending, respectively. After achieving service loads, 

the specimens with 2- and 10-meter lengths were disassembled and reassembled to 

prove the demountable behavior. The results show that the load-carrying capacity of 

all three beams is higher than the predicted capacity using Eurocode 4 (2011). 

Composite girders with steel and precast members connected using through-bolt 

shear connectors were studied by Chen et al. (2014). Effect of bolt diameter, bolt 

pretension, and steel-concrete contact surface properties were investigated under 

static loading to understand the girder behavior. The connection types and shear 

connectors are shown in Figure 1.8. A finite element model was constructed to 

simulate the load-slip response of a full-scale bridge girder using the experimental 

data obtained from push-out tests. As a result, the through-bolt connectors showed 

lower initial slip load but approximate ductility and peak load-carrying capacity 

compared to the traditional headed studs. The initial slip and ultimate load of the 

connector can be increased with the application of higher pretension forces. The 

change of contact surface properties between steel and concrete did not show any 

effect. The FE analysis demonstrated that the offered shear connectors could be used 

in the composite girder design, and the number of connectors needed can be reduced 

compared to headed studs. 
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Figure 1.8: Steel-precast concrete shear connections (Chen et al., 2014) 

The use of blind bolt connectors as mechanical anchorages was investigated by Ban 

et al. (2015), Henderson et al. (2015)a, and Henderson et al. (2015)b. To understand 

the time-dependent behavior under sustained loads, four long-term full -scale beam 

and short-term push-out specimens with the blind bolt shear connectors, shown in 

Figure 1.9, were tested. A three-dimensional FE model was constructed, and the 

long-term effects were simulated by defining a viscoelastic response. According to 

the results, the FE model was found adequate for predicting time-dependent 

behavior. The initial stiffness value of connectors was found to be lower than the 

traditional headed studs; however, in a time-dependent manner, this is beneficial to 

some extent. For composite beams with blind bolts, greater bolt-to-hole clearance 

can significantly lower the deflection ratio over time. Additionally, the time-

dependent deflection of composite beams may be reduced with the existence of 

compressive reinforcement. 
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Figure 1.9: Shear connectors: (a) Type 1 blind bolt, (b) Type 2 blind bolt, (c) 

Traditional headed stud (Ban et al., 2015) 

The dynamic behavior of the proposed connectors was studied with material tests, 

push-out tests, and full-scale beam tests. The results of push tests inferred that the 

two shear connection types had varying stiffness values, with the Type 1 connector 

having a higher stiffness value than both the Type 2 and the welded headed stud. The 

stiffness values of Type 1 and Type 2 connectors are comparable to the value of 

traditional headed studs. Also, with the increase in stiffness of connectors, the natural 

frequency decreases. The specimens were modeled with a Timoshenko beam model 

with damping and an uncertain boundary condition. The results obtained from the 

model matched with experimental results. 

Afterward, the studies related to the usage of a machined form of traditional headed 

studs as demountable shear connectors continued. A parametric study related to 

measuring the change in shear load-carrying capacity with the change of concrete 

strength and stud collar size was conducted by Dai et al. (2015). The tested 

specimens, which consist of the connectors shown in Figure 1.10, were easily 

demounted without any exceptions.  The findings of the study showed that when the 

concrete quality changes from C20 to C60, the shear load-carrying capacity of 

connections with lower stud collar diameters increases considerably. Only, for the 

types of anchorages with concrete strengths less than C30, the shear capacity of 

connections may be limited by concrete slab crushing-splitting; otherwise, the shear 

load-carrying capacity of the offered demountable shear connectors is limited by stud 

collar strength, but still, concrete strength has a significant impact on ductility. An 

FE model was produced to estimate the capacity change with the effect of 

parameters. It was found that the produced FE model is applicable, and the simple 
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calculation methods provided in Eurocode 4 (2011), AISC (2016), and ACI are 

usable. 

 

Figure 1.10: Shear connectors: (a) S1, (b)S2, (c)S3 (Dai et al., 2015) 

The change of load-carrying capacity of demountable anchorages with the inclusion 

of profiled decking was studied by Rehman et al. (2016), Lam et al. (2017), and 

Rehman et al. (2018). A fully-threaded bolt and machined headed studs were used 

as shear connectors, as shown in Figure 1.11.  

 

Figure 1.11: Three types of connectors (Rehman et al., 2016) 
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The use of the profiled deck is beneficial since it is the main alternative to formwork 

needed for cast-in-place concrete. Push-out tests conducted by Rehman et al. (2016) 

show that the ductility of the proposed demountable connections is high, and shear 

capacity and the behavior are similar to traditional headed studs, despite the lower 

initial stiffness. The arrangement of connectors is important to predict the behavior. 

The inclusion of a single connector per deck trough provides full-shear resistance; 

meanwhile, ductility increases with the inclusion of two connectors. The main failure 

modes of the connectors are fracture and crushing of the concrete. Full-scale beam 

bending tests conducted by Lam et al. (2017) and Rehman et al. (2018) show similar 

results, which are observations of low initial stiffness but high ductility. The initial 

stiffness of beam specimens may be increased by lowering the hole tolerance or 

increasing the bolt pretension. The ultimate capacity of the specimens can be 

predicted by plastic theory and is very close to composite slabs with traditional 

headed studs, which are not demountable. 

The sustainability of structures with demountable shear connectors may be enhanced 

with the use of precast slabs with geopolymers. This idea was studied by Liu et al. 

(2015) and Ataei et al. (2016) experimentally and by Liu et al. (2016) numerically. 

  

Figure 1.12: Used shear connectors: (a) Headed stud (b) High-strength friction grip 

bolt (HSFGB) (Liu et al., 2016) 
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The main parameters elucidated to investigate the ultimate strength and the load-slip 

characteristics of offered geopolymer concrete decked composite elements with 

HSFGB connections, shown in Figure 1.12, were the change in bolt pretension, hole 

clearance in the steel flange, bolt diameter and tensile strength, and the compressive 

strength of the concrete slab. The traditional headed studs were also tested similarly 

to HSFGB connectors to compare the data obtained for validation. The results of 

push-out tests and their numerical simulation with the models developed using 

ABAQUS (2012) software showed that the load-slip response of the HSFGB 

anchorages has three different regimes compared to traditional headed studs. Due to 

the pretensioned connection, the slip nearly dissipated during the early stages of 

loading. After the friction at the steel-concrete interface caused by the pretension of 

connection was overcome, the clearance between the prefabricated holes and the 

bolts caused substantial slip. The third behavior regime emerged once the bolt started 

to bear against the surface of the opening in the slab. According to the parametric 

study, the diameter and tensile capacity of the anchorage have an important impact 

on the shear load-carrying capacity of HSFGB connectors. According to beam tests, 

beams with HSFGB have slightly less load-carrying capacity but higher ductility 

than beams with conventional connections. The rotation and slip deflections of 

beams with precast panels localize the transfer of compression in the slab and, as a 

result, produce longitudinal splitting at loads exceeding the service load range. The 

constructed finite element model showed that the ultimate strength of the beam 

increases when the bolt spacing is reduced (i.e., increased number of bolts in the 

span). The strong shear resistance and slip capacity of the HSFGB shear connectors 

result in a composite beam with a low degree of shear connection having a 

substantially greater ultimate strength than its non-composite equivalent, with 

considerable ductility. Increasing the diameter of the prefabricated hole while having 

a fixed bolt size reduces the rigidity and ultimate load of the beam, especially for 

beams with excessive loads. The anchorages should be placed near the supports to 

optimize the performance of composite beams with oversized holes.  
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The bridge deck strengthening with the use of blind bolt shear connectors was 

studied by Pathirana et al. (2015) and Pathirana et al. (2016)b. Under retrofitting 

conditions, the load-slip behavior of blind-bolt and welded stud connections in grout 

was studied by Pathirana et al. (2016)a. The connection design used in these studies 

is shown in Figure 1.13.  

 

Figure 1.13: Offered blind bolts (BB) : (a) BB1, (b) BB2 (Pathirana et al., 2015) 

To investigate the feasibility of retrofitting the existing bridges with the use of blind 

bolt connectors, three composite and four non-composite specimens were prepared. 

Then, the three non-composite beams were retrofitted with the offered connections 

BB1, BB2, and traditional shear stud (as a control specimen). The results showed 

that in both normal and retrofitted scenarios, the BBs resisted much higher shear 

loads than the traditional headed stud. Approximately 85% of the slip capacity of the 

headed studs is obtained after the yielding of the connector; yet, BBs demonstrate 

much of their slip response without yielding. The specimen retrofitted with the 

headed stud showed lower load-carrying capacity compared with the normal 

composite beam with headed studs; meanwhile, both the retrofitted and normal 

specimens with BBs showed comparably similar strength and ductility. The use of 

BB2 connectors produces relatively lower stiffness compared with the other two 

beams. The parametric push-out study related to load-slip behavior of BBs showed 

that ultimate shear carrying capacity might be increased with the increase of the 

compressive strength of the grout. The embedded length of BBs is also important to 

determine the capacity. With the increase of the embedded length of the connectors, 
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BBs develop more shear capacity, although traditional headed studs show no 

appreciable change. 

The inelastic moment redistribution after strengthening of existing non-composite 

girders using the connector shown in Figure 1.5c was studied by Liberati et al. 

(2016). Fatigue tests, shakedown tests, and ultimate-strength tests were conducted 

on retrofitted specimens. According to the results, post-installing shear connections 

and allowing for moment redistribution in continuous bridges can result in 

significant strength increases of up to 60%. Even at composite ratios below 30%, 

experimental testing of large-scale reinforced girders with post-installed shear 

connections revealed robust structural performance under elastic, fatigue, and 

ultimate strength loading. 

The studies related to geopolymer concrete decked composite slabs with 

demountable connectors continued with research by Liu et al. (2017). In this study, 

different types of demountable connections, shown in Figure 1.14, were investigated 

both experimentally and numerically.  

 

Figure 1.14: Investigated connectors (Liu et al., 2017) 

All of the composite beam structural components, as well as their interactions, were 

modeled, and material non-linearity was considered in the model. The study was 

conducted using the quasi-static FE analysis tool of ABAQUS (2012) and its 

dynamic explicit technique. The findings of the FE analysis were compared to 

experimental data, revealing that the numerical model created is capable of precisely 

describing the behavior of the sustainable composite beams. The ultimate strengths 

of composite beams improve as the degree of partial shear connection increases, 
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according to parametric research based on FE modeling. Composite beams with 

larger diameter bolt shear connectors were preferred among those with the same 

degree of shear connection because of their favorable ductile performance and ease 

of manufacturing compared to a higher number of bolts with smaller sizes. The 

composition of the slab, whether it is geopolymer or ordinary concrete, had minimal 

effect on the reaction of the beam. The ultimate strength increased marginally when 

the concrete strength increased significantly as the steel yield strength increased. The 

parametric experiments revealed that, except for extremely tiny gaps, gaps between 

precast concrete panels during composite beam assembly should be avoided to 

prevent the considerable reductions in initial stiffness. 

An innovative type of demountable shear connectors was presented by Suwaed & 

Karavasilis (2017) and Suwaed & Karavasilis (2018), as shown in Figure 1.15. High-

strength bolts are used in the design of the connector, which are fastened to the top 

flange of the steel beam using a specific locking nut design that prevents bolts from 

slipping within their holes.  

 

Figure 1.15: Innovative connector (Suwaed & Karavasilis, 2017) 
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The repetitive two series of push-out tests were conducted to illustrate the behavior 

of the connectors fully. The experiments showed that the locking nut shear 

connectors (LNSC) are suitable for disassembly. Compared to traditional head studs 

or previously suggested bolted shear connections, the LNSC has a very high shear 

resistance and stiffness, reducing the needed number of shear connectors and slab 

pockets. The LNSC has a high ductility which provides a large slip capacity of up to 

14 mm. The frictional resistance can be raised by 29% when the bolt preload is 

increased by 40%. 

The quality of the concrete used in the design of structures depends on the 

importance and type of the structure. Yi et al. (2012) explain that because of its 

superior safety, serviceability, durability, and economic advantages, ultra-high-

performance concrete (UHPC) is now required to construct super-span bridges and 

mega-height high-rises. The behavior and the load-carrying capacity of the 

demountable headed stud shear connectors in the steel-UHPC composite structure 

were investigated by J. Y. Wang et al. (2017). A machined form of traditional welded 

headed studs was used as the demountable headed studs, and a cross-section of the 

composite body is given in Figure 1.16. The main parameters of the study were the 

stud diameter and the aspect ratio. 

 

Figure 1.16: Demountable steel-UHPC section (Wang et al.,2017) 

The failure modes observed during the experiments were UHPC breakout and stud 

fracture. The failure modes were found to be closely connected to the aspect ratio, 

with tensile failure owing to UHPC breakout occurring in specimens with an aspect 
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ratio of less than 1.5. It was found that the load-carrying capacity of the anchorages 

used was lower than the expected values, which caused the stud fracture. 

Investigation of the codes used showed that AASHTO (2014) LRFD, and Eurocode 

4 (2011) overestimate the capacity of the demountable headed studs by 29% and 9%, 

respectively, whereas the Chinese code underestimates its value by 1%. The ultimate 

strength of the shear connections increases as the aspect ratio increases for specimens 

with the same stud collar diameter. The ductility of the demountable anchorages was 

higher than that of traditional welded ones, although it was still less than the 

Eurocode 4 (2011) ductility standard for shear connectors in regular strength 

concrete, which is 6 mm. 

A novel demountable shear connection type was offered by Kozma et al. (2019) and 

Odenbreit & Kozma (2019). The components of the connection offered are 

prestressed and epoxy resin injection bolts, solid slabs, and composite slabs with 

profiled decking, as shown in Figure 1.17. 

 

Figure 1.17: Demountable shear connectors: (a) Friction bolts with cast in cylinders 

(P3), (b) Embedded coupler device (P15) (Odenbreit & Kozma, 2019)  

Fifteen push-out tests were conducted to investigate the behavior of the offered 

connectors experimentally. The results show that offered connections are robust and 

adequate for usage in the composite structure design. The position of the bolt affects 
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the load-slip curves. A strip of the solid slab above the flange is adequate to prevent 

the profiled steel sheeting from compromising the shear connection behavior. Larger 

hole tolerances can be represented with epoxy resin without resulting in a decrease 

in load-bearing capability where the application of connection to large deck 

components necessitates it. 

An innovative demountable shear connector that consists of a short bolt, a long bolt, 

and a coupler was suggested by Yang et al. (2018). In this study, static push-out tests 

were implemented to understand the failure mode and the behavior of the suggested 

connection. Existing demountable connections suggested in the literature and 

traditional headed studs were also tested to compare the behavior and shear 

performance. 

 

Figure 1.18: Configurations of the connectors: (a) Type 1: Double-nut bolt, (b) 

Type 2: HSFGTB, (c) Type 3: Adhesive anchor, (d) Type 4: HSFGB, (e) Headed 

stud bolt, (f) Suggested novel bolted connector Yang et al. (2018) 
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Four sets of bolted connection specimens with three diameters and two strength 

categories were used to investigate the shear performance of the suggested 

connector. Four sets of bolted connection specimens were evaluated and compared 

to 22 mm welded stud connector specimens in terms of failure mechanism, shear 

carrying capacity, load-slip curve, and shear stiffness. According to the study results, 

the short bolts were sheared off in four sets of bolted connection specimens. 

Following the fracture of the short bolts for each specimen, there were just a few 

minor cracks under the coupler with no local concrete crushing problem. The coupler 

embedded in the concrete increases the contact area between the bolt shank and the 

ambient concrete, lowering the local compressive stress of the concrete under the 

coupler. Grade 8.8 M22 bolted connection had approximately the same shear bearing 

capacity as a 22 mm conventional headed stud, while grade 8.8 M27 bolted 

connector has about 1.6 times the capacity of a 22 mm headed stud. Each bolted 

connection studied in this research has a shear capacity of 0.8 times the characteristic 

tensile strength of the bolt. The slip capacity of each bolted connection increases as 

the bolt diameter increases, while the grade of the bolts is kept at 8.8. Grade 8.8 M27 

bolted connections have an average peak slip of 5.77 mm, which is closer to the 

minimum slip requirement of 6 mm. 

The cyclic behavior of the existing bolted demountable connections suggested in the 

literature was investigated by Ataei et al. (2019). The connectors were subjected to 

a low-cycle high-amplitude loading regime. The performance of the mechanical 

anchorages in steel-concrete composite connections was evaluated in terms of 

ductility, strength degradation, and absorbed energy under cyclic loading 

circumstances. Nine steel-concrete composite connection specimens, shown in 

Figure 1.19, were tested. Three monotonic tests on a steel-concrete composite 

connection were performed to assess yield slip, yield load, ultimate slip, and ultimate 

shear strength capability. The size and strength of the anchorages were the 

parameters investigated. 
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Figure 1.19: Investigated bolted shear connectors (Ataei et al., 2019) 

The main failure modes observed during the experiments are fracture of the 

anchorage, concrete crushing, and deformation of the beam flange. Under monotonic 

loading, the anchorage size massively affects the behavior and capacity of the 

connection. With the increase of the diameter and the strength of the anchorage, the 

hysteric loop area may be increased. The connections with the anchorage grade 

higher than 8.8 have a behavior of decreasing strength degradation with the increase 

of the slip. Connectors with larger sizes provide higher ductility and energy 

dissipation. Additionally, increasing the connector size and strength enhances the 

initial stiffness.  

Static and fatigue performances of through-bolt shear connectors were investigated 

by Balkos et al. (2019) with three beam bending experiments. Two beam specimens 

were tested under fatigue; however, beams did not fail under fatigue which shows 

that the fatigue resistance of through-bolt connectors is higher than the conventional 

welded studs. The effect of the fatigue test was a reduction of the pretension of the 

connections. The behavior of the beam specimens with through bolts is similar to the 

push-out specimens; on the other hand, beam specimens feature a higher initial slip 

load and a higher slip displacement value at bolt fracture. 
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A new innovative type of a demountable shear connector was suggested by Feidaki 

et al. (2019). The suggested connector, shown in Figure 1.20, is made up of a steel 

square hollow tube that is welded to a steel plate and fastened to the top flange of the 

steel section with four high-strength bolts. Precast hollow-core unit (HCU) slabs are 

used to construct the composite section with suggested shear connectors, which uses 

a yielding device called the yielding pocket (YP). The suggested design offers high 

initial stiffness, eliminates the need for hole tolerance, and provides a significant 

amount of ductility that is higher than the code requirements. The structural 

performance of the connector was investigated with push-out tests, and an FE model 

was constructed to simulate the behavior. The constructed model was used to 

conduct a parametric study.  

 

 

Figure 1.20: Suggested connector: (a) 3D view, (b) longitudinal view, and 

deformed shape (Feidaki et al., 2019) 

According to experiments and numerical study results, the specimens designed for 

ductility can undergo slipping of 30 mm; meanwhile, the specimens of failure mode 

of concrete shear cracking can achieve a slip level of 6 mm, which is the ductile slip 

limitation stated by Eurocode 4 (2011). The main failure modes of the connection 

proposed are yielding of YP and vertical strips and the shear cracking of concrete 

HCU. The cast-in-place concrete required to fill the voids shown in Figure 1.20a 
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does not affect the stiffness of the connection, but it is required to provide the shear 

flow, and it has a significant effect on the ductility. 

A numerical study related to optimizations that may be done aiming at the composite 

structures while providing demountable construction was conducted by Girão 

Coelho et al. (2019) using the experimental data presented by Rehman et al. (2016). 

In this study, the idea of the optimal span-to-depth ratio for composite beams with 

demountable shear connectors was investigated to optimize the weight of the beams 

and shear connector distributions over the span. Three shear connections were 

studied in terms of their influence on total composite beam stiffness in the range of 

9 to 15m spans using a basic pseudo-plastic model and finite element modules. The 

ideal span-to-depth ratio of symmetrical and asymmetrical beams was estimated and 

compared to similar beams with traditional headed studs. The findings of the study 

underline the need to avoid the plasticity in the steel beam to provide reusability. 

Since the shear connectors used in the experimental study have lower initial stiffness 

compared to traditional studs, the anchorage distribution should be closer to the shear 

force variation along the beam so that the design can be optimized and end slip can 

be minimized. The optimal span-to-depth ratio (L/h) for demountable composite 

beams may be taken as 24 for unpropped composite beams with traditional welded 

headed studs, 22 for unpropped demountable composite beams, 28 for propped 

demountable composite beams. 

The elastic behavior of composite beams with tapered steel sections and 

demountable shear connectors suggested by Kozma et al. (2018), shown in Figure 

1.17, was investigated experimentally and numerically by Nijgh et al. (2019). The 

performance of different configurations of resin-injected bolt-coupler shear 

connections was investigated in this study to maximize the favorable effects of 

composite action while reducing the number of shear connectors. The study results 

successfully proved the demountability and reusability of a composite flooring 

system made up of tapered steel beams and prefabricated concrete decks joined by 

resin-injected bolt-coupler shear connections. The number of anchorages required to 

achieve the deflection or elastic-slip requirement in the applicable limit stated by 
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codes for a simply supported tapered composite beam can be reduced by relocating 

those anchorages closer to the supports. 

The performance and behavior of the demountable shear connectors suggested 

previously, shown in Figure 1.7, at ambient and high temperatures were investigated 

by Sencu et al. (2019). A total of 21 push-out experiments, using the test setup shown 

in Figure 1.21, were conducted to understand the effects of varying nominal 

temperature levels of 20, 100, 300, 450, and 600 °C, perpendicular and parallel 

orientations of the steel decking with respect to the steel beam section, two different 

embedded shear connector lengths and two different compressive strengths of 

concrete. The testing of the specimens was conducted mainly under the steady-state 

condition where the environmental temperature is changed before the loading of the 

specimens until failure. Additionally, a few specimens were tested under the 

transient state condition where the environmental temperature was changed after the 

application of the loads equal to obtained capacities of steady-state tests. 

 

Figure 1.21: Test setup and instrumentation (Sencu et al., 2019) 
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According to the results of the experiments, at ambient, low elevated, and high 

temperatures, the connectors passed the slip ductility limit of 6 mm. In most cases 

with elevated temperatures, connectors showed very ductile behavior with a slip 

capacity higher than 20 mm. The failure modes changed according to the 

temperature, i.e., with a temperature level less than 400 °C, concrete crushing 

together with shear stud fracture was observed, while, at temperatures higher than 

400 °C, the failure mode was stud fracture. Changing the connector embedded length 

did not provide any capacity improvement for specimens with the same concrete 

strength. Transient state tests showed that increasing the temperature of the 

environment after loading results in failure at a temperature less than the equivalent 

steady-state tests. In contrast, the equations given in the Eurocode 4 (2012) (Part 1.2) 

for estimation of the load-carrying capacity considering the temperature effects 

overestimated the capacity obtained from transient state tests. The capacity obtained 

in the case of perpendicular deck sheeting was too low. 

An experimental study on demountable shear connectors subjected to combined 

shear and tension was conducted by Tan et al. (2019). Experiments were conducted 

on three types of connectors, shown in Figure 1.22, that were exposed to combined 

shear and tensile loads. Pull-out tests were performed to assess the tensile strength 

of each type of steel-concrete connection. The relationship between shear and tension 

loading was then determined using a series of modified push tests. 
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Figure 1.22: Connector types: (a) AJAX ONESIDE, (b) Machined demountable 

headed stud, (c) Lindapter hollo-bolt (Tan et al., 2019) 

According to the results, demountable headed studs have higher ductility under pure 

shear than AJAX and Hollo-bolts. The shear capacity of the connectors is reduced 

significantly when it is combined with the tension where demountable headed studs 

show the lowest and Hollo-bolts show the highest reduction. The failure mode of 

connectors is dependent on material strength which results in connectors with higher 

strength, AJAX and Hollo-bolt, to show the concrete breakout type of failure and the 

connector with lower strength, stud, to show the fracture of the connector type of 

failure. AJAX connector has the highest shear resistance, whereas headed stud has 

the highest tensile resistance. Since the tensile resistance of AJAX and Hollo-bolt 

connectors is low, they are not suitable for composite walls. 

A demountable clamping connector was suggested by L. Wang et al. (2019) and L. 

Wang et al. (2020), as shown in Figure 1.23. The pretension in the bolts was provided 

with a specified turn-of-the-nut system. To investigate the strength and ductility of 

the anchorages, nine push-out tests were conducted. The main parameters considered 

were bolt diameter, reinforcement layout, loading protocol, use of shims, and number 

of cast-in channels. 
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Figure 1.23: Beam with demountable connectors suggested (L. Wang et al., 2019) 

The amount of the pretension provided to T-bolts was determined by pretension tests, 

and 1.5 turns of nut rotation were suggested for M24 and M20 bolts. The connection 

system with both M24 and M20 bolts showed no strength degradation and allowed 

large rotations at typical slip demand, e.g., an ultimate slip of 8.9 mm. However, at 

larger slips, e.g., 127 mm, the strength of M20 clamps declined gradually; 

meanwhile, M24 clamps preserved approximately 80% of their strength. Under 

cyclic loading, the clamps showed high energy-dissipating capacity, although 

strength reduction was observed. The load-carrying capacity was not affected by the 

shims. The initial stiffness and the ultimate slip capacity of the clamps are higher 

than the traditional headed studs with similar sizes. The local cracks occurred on the 

surface of the concrete caused by friction, and the change in reinforcement layout 

did not affect the formation of the cracks. The increase of the channels cast into the 

planks hastened the crack formation slip but did not affect the capacity of M24 

clamps. The cyclic shear strength of the clamps is estimated to be 80% of the 

monotonical shear strength. 

A numerical study was performed by Langarudi & Ebrahimnejad (2020) to simulate 

the behavior of a demountable shear connection system, shown in Figure 1.11. The 

effects of factors such as concrete strength, different positions, heights, and 

diameters of the shear connectors, the kind and thickness of the steel deck, and the 

influence of the reinforcing arrangement on the behavior of these connectors were 
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investigated. According to the results, the shear capacity and the ductility of 

demountable connectors are higher than the welded connectors, while initial stiffness 

is lower; but, the capacity and the stiffness of the connectors may be increased with 

the increase of the concrete strength. An increase in both the diameter and the amount 

of the connectors provides higher capacity and stiffness. The capacity and the 

stiffness of the slabs are also dependent on the type of the profiled deck used. The 

placement of connecters in a staggered position slightly affects the behavior; 

however, the position of the studs, whether strong or weak, affects the behavior since 

the capacity reduction of weak positioned connectors is sharp. The main failure 

modes are the tear out of the connector and the concrete fracture. 

A novel welded demountable shear connector (WDSC) was proposed by Suwaed et 

al. (2022). In the design of the connector, a steel tube was bolted to a compatible 

machined traditional headed stud and filled with grout, while the headed stud was 

welded on the steel section, as shown in Figure 1.24. The main parameters 

considered in this experimental study were the thickness of the tube, the inclusion of 

the grout fill, and the strength of the concrete. Additionally, a numerical study was 

conducted for further parametric studies.  

According to the results, the WDSC showed higher shear strength and similar initial 

stiffness compared with the headed stud. The failure mode of all specimens exhibited 

ductile shear failure at the root of the stud shank and crushing of the concrete 

gradually, but the failures occurred after a slip level of 6 mm. 
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Figure 1.24: WDSC: (a) Tube and stud, (b) Tube 3D cute, (c) cross-sectional view 

(Suwaed et al., 2022) 

According to the parametric study, the shear strength of the connection system was 

affected primarily by the strength of the concrete and the yield strength of the tube, 

while the yield strength and the thickness of the tube had less effect. Additionally, 

the existence of the grout fill affected the initial stiffness and the shear strength; 

however, the shear strength of the grout did not affect the behavior and capacities. 

1.5 Objectives and Scope 

As indicated in Chapter 1.4, providing a demountable shear connection between the 

steel and concrete members in the design of composite structures is essential to 

reduce the direct and indirect costs that may arise because of the need for a 

replacement of the concrete deck and ensure a sustainable design to reduce 

constructional carbon footprint and prevent climate change caused by material waste. 

To overcome the problems stated, a novel demountable shear connector is proposed. 
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The proposed bolted angle shear connector is shown in Figure 1.25. The connector 

is composed of two angle sections and a high-strength bolt, all of which are 

conventional elements used in steel construction. The lower angle section is larger 

in size when compared with the upper angle section. This is the main element that 

resists the shear forces developed at the steel-concrete interface. A bolt hole is 

introduced into the horizontal leg of the lower angle section. A high-strength bolt is 

used to fasten the angle section to the flange of a steel beam, as shown in Figure 

1.25. The sizes of the bolt holes introduced into the angle section and the flange of 

the beam depend on the bolt size. While standard hole sizes recommended in AISC 

(2016) can be adopted, the bolt holes can be of the same size as the diameter of the 

bolt. A smaller angle section is welded to the upper part of the vertical leg of the 

larger angle section. The upper angle provides tension resistance to the connector. 

The two connectors can be welded together using fillet welds. The same geometry 

obtained by welding two angle sections can be produced by bending a steel plate as 

well. However, this requires an automated production line to produce these 

connectors in mass quantities. The welding process can be avoided by making use 

of the cold bending operation. In this study, the investigation of the proposed 

connection has been conducted in three phases in which the first phase focuses on 

push-out tests to determine the shear load-carrying capacity, the second phase 

focuses on pull-out tests to determine the tensile load-carrying capacity, and the third 

phase focuses on full-scale composite beam tests to determine the feasibility and 

applicability. 
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Figure 1.25: The proposed demountable shear connector 

 

1.6 Organization of the Thesis 

This thesis covers five chapters. The first chapter is the Introduction, and the 

remaining four chapters pursue the first chapter. An explanation of the remaining 

four chapters is given below: 

In Chapter 2, the push-out experiments conducted on the connection are explained 

in detail. The experiment matrix, parameters considered, test setup, and results of the 

experiments are given. The results are used in the design of beam specimens which 

are explained in Chapter 4. 

In Chapter 3, the pull -out experiments conducted on the connection are explained in 

detail. The experiment matrix, parameters considered, test setup, and results of the 

experiments are given. According to the data obtained from these experiments, the 

possibility of splitting between concrete slab and steel beam is determined. 

In Chapter 4, the full-scale beam bending experiments that are conducted on beams 

designed with the proposed connector are explained in detail. The experiment matrix, 

degrees of composite action considered, test setup, and results of the experiments are 

given. These experiments demonstrate the feasibility and the applicability of the 
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proposed connectors and prove that the proposed demountable shear connector is a 

strong alternative for the traditional headed studs. 

Lastly, Chapter 5 summarizes the experimental study conducted, discusses the 

results, and includes guidance for the future work that may be conducted on this 

subject.  
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CHAPTER 2  

2 PUSH-OUT TESTS 

In this chapter, an experimental investigation of the proposed shear connectors is 

made via push-out tests conducted at the Structural Mechanics Laboratory of the 

Department of Civil Engineering at Middle East Technical University. These tests 

are the first phase of the experimental study and aim to understand the behavior and 

the load-slip response of the connectors. 

2.1 Test Setup 

The test setup developed by Arēkoĵlu et al. (2020) was used in the testing program 

with some modifications. The technical drawings of the test setup are given in Figure 

2.1, and the photos are indicated in Figure 2.2. The test setup was designed to conduct 

a push-out test on a typical connector, which is embedded into a concrete block. The 

setup was configured as a self-contained system that does not require any reaction 

wall or a vertical support system. A HEA360 I-section main beam was supported at 

its ends by HEB200 sections. A reaction block was attached to the HEA360 section. 

The loading was applied by making use of a 600 kN capacity hydraulic jack. The 

stationary end of the hydraulic jack was attached to the reaction block. The applied 

load was measured by making use of a 1000 kN capacity load cell which is mounted 

on the non-stationary end of the hydraulic jack. The load was transferred from the 

load cell to a 40 mm diameter ball bearing, which was used to reduce the bending 

effects on the hydraulic jack. The ball bearing was in contact with a 40 mm thick and 

160 mm wide steel plate which was used to uniformly distribute the loading to the 

surface of the concrete block. 
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Figure 2.1: Test setup 
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Figure 2.2: Photos of the test setup: a) General view, b) Lateral support system, c) 

Clamping mechanism and loading plate, d) LVDTs 

A typical test specimen consists of a steel base plate, a connector attached to the base 

plate, and a concrete block. The high-strength bolt used in the proposed connector 

extends below the bottom of the base plate. In other words, there needs to be a 

clearance between the top flange of the HEA360 I-section and the base plate. Two 

hollow structural sections of size 50x2 mm were placed in between the base plate 

and the flange of the HEA360 section to provide this clearance. Six M22 bolts were 

used to fasten the base plate to the flange of the HEA360 main beam. 

Separation of the concrete block from the steel surface is common in most push-out 

tests due to the eccentricity between the loading axis and the reaction axis of the 
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connectors (steel-concrete interface). Restraint systems can be provided to reduce 

the amount of separation. A clamping mechanism, shown in Figure 2.1 and Figure 

2.2, was used to prevent the uplifting of the concrete block. The clamping mechanism 

was self-contained and consisted of two built-up sections and two 36 mm steel rods. 

The built-up sections were fabricated by back-to-back channel sections with a 

spacing of 50 mm in between. One of the built-up sections was placed above the 

concrete block, and the other one was in contact with the bottom flange of the 

HEA360 section. Two steel rods were placed in between the channel sections and 

slightly tightened. Any uplift demand of the concrete block results in axial forces to 

be developed in the rods which are transmitted to the built-up sections. The use of a 

clamping mechanism can lead to frictional resistance being developed at the surface 

of contact between the built-up section and the concrete block. A roller mechanism 

was employed to lower the amount of frictional resistance. As shown in Figure 2.2, 

the roller mechanism consists of two steel plates and ball bearing that were placed in 

between these plates. The surfaces of the steel plates were greased to allow for the 

free movement of the concrete block. 

There can be an eccentricity between the axis of the hydraulic jack and the axis of 

the bolt used in the proposed connector. This eccentricity can produce a torsional 

loading on the connector. Welded connectors such as channels have resistance 

against the accidental torsional loads. On the other hand, the bolted angle shear 

connector cannot provide any torsional resistance. This, in turn, can result in the 

rotation of the concrete block in the horizontal plane. An external self-contained 

restraining frame system was attached to the HEA360 section to prevent the rotation 

of the concrete block. Hollow structural sections were used for this framing. Two 

roller bearings were employed on each side of the concrete block, as shown in Figure 

2.2. These bearings prevented any out-of-plane movement of the concrete block. 
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2.1.1 Details of Data Recording Instruments 

The applied load and the slip at the interface of the steel base plate and concrete 

block were monitored during a typical test. Three LVDTs were placed at the back 

end of the specimen, as shown in Figure 2.2. Two of the LVDTs were used to 

measure the slip at the edges of the concrete block, while the other LVDT was used 

to measure the slip at the center; the locations of the LVDTs are given in Figure 2.3. 

The amount of concrete block rotation can be directly calculated by making of these 

three independent readings. 

 

Figure 2.3: Orientation of LVDTs 

 

2.2 Test Specimens 

The push-out experiments conducted in the literature, e.g., in Figure 1.21, were 

constructed with two concrete blocks on both sides of the steel I-section connected 

with mechanical anchorages. However, in this study, a different test setup with a 

similar working mechanism was used. Thus, the design of the test specimens was 

different when compared with the ones in the literature. 

The concrete blocks used in test specimens had 500 mm width, 700 mm length, and 

180 mm thickness. Six 8 mm diameter bars in the long direction and four 8 mm 

diameter bars in the short direction were used as steel reinforcement. These were 
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placed symmetrically at the top and bottom surfaces, as shown in Figure 2.4. Bolted 

angle shear connectors were fastened to 15 mm thick base plates, all of which were 

ordered from the same batch. A total of 33 specimens were designed and the 

parameters considered are given in Section 2.2.1. A plastic sheet was placed above 

the base plate to prevent the bonding of concrete to the base plate and to eliminate 

friction at the interface. 

 

Figure 2.4: Reinforcement layout 

2.2.1 Design Parameters 

The size of the angle section, bolt diameter, bolt grade, concrete strength, loading 

direction, and bolt thread conditions were considered the prime variables. Detailed 

tabulated information about the specimens is given in Table 3.1. European angle 

sections L100×10, L75×8, L70×7, and L60×6 with 50 mm width were used in the 

testing program. The leg size of the channel section was selected considering typical 

concrete deck thicknesses used in composite construction. M20 and M24 high-

strength bolts with 8.8 and 10.9 grades were considered. The bolts conformed to 



 

 

43 

EN14399 (2009) specification. The length of the bolts was 55 mm, and according to 

EN14399 (2009), the entire bolt length should be threaded for such short bolts. The 

bolts, shown in Figure 2.5, were specially produced to have a 15 mm unthreaded 

portion and a 40 mm threaded portion. This enabled to have two different thread 

conditions for the critical shear plane.  

 

Figure 2.5: Bolts used (left ï M20, right ï M24) 

Two different concrete compressive strengths were considered. The first 24 

specimens employed relatively higher strength concrete when compared with the rest 

of the specimens. The nomenclature used for identifying the specimens is as follows: 

the first entry is used for the size of the angle section where L100 is for L100×10, 

L75 is for L75×8, L70 is for L70×7, and L60 is for L60×6, the second entry is used 

for the bolt diameter where M20 and M24 stand for 20 mm and 24 mm bolt 

diameters, respectively, the third entry is for the bolt strength where 8 and 10 stand 

for 8.8 and 10.9 grade bolts, respectively, the fourth entry is used for the loading 

direction, as shown in Figure 2.6, and thread condition where F, B, E, I stand for 

ñfront,ò ñback,ò ñexcludedò and ñincluded,ò respectively, and the fifth entry stands 

for concrete compressive strength where C1 and C2 stand for batch 1 and batch 2, 

respectively. 

For example, specimen 12 L70-M20-8-FE-C1 is a specimen with an L70×7 angle 

section, M20 8.8 grade bolt, loaded in the front direction, threads are excluded from 
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the shear plane, and the concrete compressive strength is equal to the strength of 

batch 1. The list of all nomenclatures is given in Table 3.2. 

 

 

Figure 2.6: Loading directions 



 

 

45 

Table 2.1: Experiment matrix for push-out specimens 

 

Table 2.2: Specimen nomenclatures 

 

Specimen #Serie # L Shape Size (mm)Bolt Grade Bolt diameter (mm) Loading DirectionThreads in Shear Plane

1 1 100 10.9 24 Front Excluded

2 1 100 8.8 24 Front Excluded

3 1 100 10.9 20 Front Excluded

4 1 100 8.8 20 Front Excluded

5 1 75 10.9 24 Front Excluded

6 1 75 8.8 24 Front Excluded

7 1 75 10.9 20 Front Excluded

8 1 75 8.8 20 Front Excluded

9 1 70 10.9 24 Front Excluded

10 1 70 8.8 24 Front Excluded

11 1 70 10.9 20 Front Excluded

12 1 70 8.8 20 Front Excluded

13 1 60 10.9 24 Front Excluded

14 1 60 8.8 24 Front Excluded

15 1 60 10.9 20 Front Excluded

16 1 60 8.8 20 Front Excluded

17 1 100 10.9 24 Back Excluded

18 1 75 10.9 24 Back Excluded

19 1 70 10.9 24 Back Excluded

20 1 100 10.9 24 Back Excluded

21 1 60 10.9 24 Front Included

22 1 100 8.8 24 Front Included

23 1 100 10.9 20 Front Included

24 1 100 8.8 20 Front Included

25 2 100 10.9 20 Front Excluded

26 2 75 10.9 20 Front Excluded

27 2 60 10.9 20 Front Excluded

28 2 100 8.8 24 Front Excluded

29 2 75 8.8 24 Front Excluded

30 2 60 8.8 24 Front Excluded

31 2 100 8.8 20 Front Excluded

32 2 75 8.8 20 Front Excluded

33 2 60 8.8 20 Front Excluded

Specimen # Nomenclature Specimen # Nomenclature Specimen # Nomenclature

1 L100-M24-10-FE-C1 2 L100-M24-8-FE-C1 3 L100-M20-10-FE-C1

4 L100-M20-8-FE-C1 5 L75-M24-10-FE-C1 6 L75-M24-8-FE-C1

7 L75-M20-10-FE-C1 8 L75-M20-8-FE-C1 9 L70-M24-10-FE-C1

10 L70-M24-8-FE-C1 11 L70-M20-10-FE-C1 12 L70-M20-8-FE-C1

13 L60-M24-10-FE-C1 14 L60-M24-8-FE-C1 15 L60-M20-10-FE-C1

16 L60-M20-8-FE-C1 17 L100-M24-10-BE-C1 18 L75-M24-10-BE-C1

19 L70-M24-10-BE-C1 20 L100-M24-10-BE-C1 21 L60-M24-10-FI-C1

22 L100-M24-8-FI-C1 23 L100-M20-10-FI-C1 24 L100-M20-8-FI-C1

25 L100-M20-10-FE-C2 26 L75-M20-10-FE-C2 27 L60-M20-10-FE-C2

28 L100-M24-8-FE-C2 29 L75-M24-8-FE-C2 30 L60-M24-8-FE-C2

31 L100-M20-8-FE-C2 32 L75-M20-8-FE-C2 33 L60-M20-8-FE-C2
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In all specimens, L30×3 angle sections were welded to the lower angle section, as 

shown in Figure 1.25. Bolt holes were introduced into the base plate and the angle 

sections by making use of a drill bit. The size of the holes was equal to the bolt 

diameter. In other words, there was no tolerance between the bolt hole and the bolt. 

The first 16 specimens were designed to examine the effect of angle size, bolt size, 

and bolt strength on the behavior of connectors loaded in the front direction. The 

proposed connectors are expected to be used in conditions where the threads are 

excluded from the shear plane to maximize the ultimate strength of the connector. 

Therefore, the threads were excluded from the shear plane in all of the specimens 

except four. Specimens 17 through 20 were designed to examine the effect of loading 

direction where these specimens were loaded in the opposite direction (back) when 

compared with the other specimens. It should be noted that specimens 17 and 20 

were identical and were used to investigate the repeatability of results. Specimens 21 

through 24 were used to investigate the thread condition where the threads were 

included from the shear plane. This was accomplished by inserting the bolts upside 

down. In other words, the nut was in contact with the angle section, and the bolt head 

was in contact with the base plate. Specimens 25 through 33 were similar to 

specimens 1 through 16. The angle sizes of L100×10, L75×8, and L60×6 were 

considered without L70×7 to reduce the number of specimens. The concrete 

compressive strength employed in specimens 25 through 33 was lower than its 

counterpart. 

2.2.2 Geometric and Material Properties 

The geometric properties of the angle sections were measured with a caliper and 

reported in Table 2.3. The dimension conformed to the EN10056-2 (1993) standard. 

Tensile tests were conducted on the coupons extracted from the L shapes and the 

base plate according to EN10002 (2001). The measured material properties, i.e., 

yield strength, ultimate strength, and percent elongation, are indicated in Table 2.4. 
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Table 2.3: Angle section dimensions 

 

Lupper tupper Llower t lower

100.70 10.14 100.11 10.22

101.06 10.08 100.41 10.24

100.64 10.12 100.77 10.28

100.80 10.11 100.43 10.25 Average

Lupper tupper Llower t lower

76.64 7.51 76.18 8.11

76.73 7.49 76.22 8.02

76.12 7.50 76.63 7.81

76.50 7.50 76.34 7.98 Average

Lupper tupper Llower t lower

70.79 6.93 70.22 7.26

70.62 6.87 70.30 7.26

70.32 6.90 70.05 7.26

70.58 6.90 70.19 7.26 Average

Lupper tupper Llower t lower

59.77 5.98 60.33 6.08

59.60 5.97 60.46 6.09

59.92 5.95 60.27 6.09

59.76 5.97 60.35 6.09 Average

L100x10

L75x8

L70x7

L60x6



 

 

48 

Table 2.4: Material properties of angle sections and base plate 

 

The stress-strain responses obtained from the coupon tests are given in Figure 2.7. 

 

Figure 2.7: Stress versus strain diagram for angles 

Fy,0.2 Fu %E

MPa MPa -

L100x10N1 348.59 492.53 -

L100x10N2 350.83 496.33 33.42

L100x10 - Average 349.71 494.43 33.42

L75x8N1 355.91 516.38 28.30

L75x8N2 354.81 524.12 28.73

L75 - Average 355.36 520.25 28.52

L70x7N1 332.37 434.82 30.75

L70x7N2 332.43 432.85 34.37

L70x7 - Average 332.40 433.83 32.56

L60x6N1 348.34 485.58 30.61

L60x6N2 347.50 485.15 29.07

L60x6 - Average 347.92 485.36 29.84

Base Plate 338.37 431.22 27.18
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The bolts were subjected to tensile testing at the manufacturerôs testing facility. Two 

specimens were tested for each bolt grade and diameter. The average ultimate tensile 

strengths of the bolts are reported in Table 2.5. 

Table 2.5: Material properties of bolts 

 

Cylinder samples were taken during concrete placement and kept at the same 

laboratory conditions as push-out specimens. The 28th compressive strengths were 

39.1 MPa and 28.7 MPa for batch 1 and batch 2, respectively. 

2.3 Test Results 

A total of 33 specimens, explained in Table 4.1, were tested. The conducted 

experiments had a single phase, and specimens were loaded to failure. 

While conducting the experiments of specimen 1, hydraulic jack shutdown itself. 

Therefore, the loading of specimen 1 was completed in more than one stage, similar 

to cyclic loading. 

Fy,0.2 Fu

Mpa Mpa

M20x55 - 8.8 -Test 1 794.2 885.7

M20x55 - 8.8 -Test 2 801.9 885.4

M20x55 - 8.8 -Average 798.0 885.6

M20x55 - 10.9 -Test 1 1010.3 1097.1

M20x55 - 10.9 -Test 2 1005.6 1114.2

M20x55 - 10.9 - Average 1008.0 1105.7

M24x55 - 8.8 -Test 1 894.3 963.1

M24x55 - 8.8 -Test 2 867.0 953.9

M24x55 - 8.8 - Average 880.7 958.5

M24x55 - 10.9 -Test 1 1033.7 1136.1

M24x55 - 10.9 -Test 2 915.8 1108.0

M24x55 - 10.9 - Average 974.8 1122.1

Specimen Name
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2.3.1 Observed Failure Modes 

Observed failure modes of the specimens are given in Table 2.6. The main failure 

modes considered were bolt shear-off, cracking of concrete block, crushing of 

concrete, tilting of connector, and connector shear-off. The explanation of the failure 

modes is given below: 

¶ Bolt shear-off: Rupture of the bolt due to shear forces 

¶ Cracking of concrete block: Observation of cracks with lengths greater than 

5 cm 

¶ Crushing of concrete: Total loss of the load-carrying capacity of the concrete 

block supporting the connector 

¶ Tilting of connector: Bending of the connector edge 

¶ Connector shear-off: Rupture of the connector due to shear forces 

The failure modes are illustrated as given in Figure 2.8, Figure 2.9, and Figure 2.10. 

 

Figure 2.8: Failure mode of specimen 2 (Bolt shear-off & cracking of concrete) 
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Figure 2.9: Failure mode of specimen 5 (Tilting of connector) 

 

Figure 2.10: Failure mode of specimen 9 (connector shear-off & crushing of 

concrete) 
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Table 2.6: Failure mode of each specimen 

 

In general, as a result of decreasing the angle size from L100x10 to L60x6, the failure 

evolved from bolt shear-off to a situation where the concrete block was crushed and 

the connector edge was bent. However, observed failure modes and the reported 

ultimate load-carrying capacities might not represent the real behavior or the 

practical usable strength of the specimens since specimens underwent very high 

deformations during experiments. As mentioned before, the steel-concrete 

1 L100-M24-10-FE-C1 Bolt shear-off - Cracking of concrete block

2 L100-M24-8-FE-C1 Bolt shear-off - Cracking of concrete block

3 L100-M20-10-FE-C1 Bolt shear-off

4 L100-M20-8-FE-C1 Bolt shear-off

5 L75-M24-10-FE-C1 Tilting of connector - Crushing of concrete

6 L75-M24-8-FE-C1 Tilting of connector - Cracking of concrete block

7 L75-M20-10-FE-C1Tilting of connector - Cracking of concrete block - Bolt shear-off

8 L75-M20-8-FE-C1 Bolt shear-off

9 L70-M24-10-FE-C1 Crushing of concrete - Connector shear-off

10 L70-M24-8-FE-C1 Crushing of concrete - Connector shear-off

11 L70-M20-10-FE-C1 Crushing of concrete - Connector shear-off

12 L70-M20-8-FE-C1 Bolt shear-off - Tilting of connector

13 L60-M24-10-FE-C1 Crushing of concrete - Connector shear-off

14 L60-M24-8-FE-C1 Crushing of concrete - Tilting of connector

15 L60-M20-10-FE-C1 Crushing of concrete - Connector shear-off

16 L60-M20-8-FE-C1 Bolt shear-off - Tilting of connector

17 L100-M24-10-BE-C1 Crushing of concrete

18 L75-M24-10-BE-C1 Crushing of concrete - Connector shear-off

19 L70-M24-10-BE-C1 Crushing of concrete - Connector shear-off

20 L100-M24-10-BE-C1 Crushing of concrete

21 L60-M24-10-FI-C1 Tilting of connector - Crushing of concrete

22 L100-M24-8-FI-C1 Bolt shear-off

23 L100-M20-10-FI-C1 Bolt shear-off

24 L100-M20-8-FI-C1 Bolt shear-off

25 L100-M20-10-FE-C2 Crushing of concrete - Connector shear-off

26 L75-M20-10-FE-C2 Crushing of concrete - Tilting of connector

27 L60-M20-10-FE-C2 Crushing of concrete - Connector shear-off

28 L100-M24-8-FE-C2 Crushing of concrete - Tilting of connector

29 L75-M24-8-FE-C2 Crushing of concrete - Tilting of connector

30 L60-M24-8-FE-C2 Crushing of concrete - Tilting of connector

31 L100-M20-8-FE-C2 Bolt shear-off

32 L75-M20-8-FE-C2 Crushing of concrete - Bolt shear-off

33 L60-M20-8-FE-C2 Crushing of concrete - Tilting of connector

Specimen 

#
Nomenclature Observed Failure Mode
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composite beams encounter very low slip deformations. Thus, loads carried at slip 

displacements of 3, 6, 9, and 12 mm were reported to predict the connector capacity 

depending on the degree of composite action. Additionally, full-scale beam bending 

tests are required to determine the failure modes that might be expected in practice. 

2.3.2 Load-Slip Response 

In order to present the data in an effective manner, specimens were grouped 

according to the angle sizes, i.e., L100x10, L75x8, L70x7, and L60x6, and bolt 

properties, i.e., M24 grade 10.9, M24 grade 8.8, M20 grade 10.9, and M20 grade 8.8. 

Thus, the load-slip behavior of specimens is presented in groups. 

As mentioned, specimen 1 experienced problems during loading. To show the whole 

behavior of specimen 1, load-slip values of both the first and the second loadings are 

considered in Figure 2.11. However, in grouped graphs, only the first loading was 

considered. 

 

Figure 2.11: Load vs slip behavior of specimen 1 

To understand the load-slip behavior of the specimens at the very start, i.e. around 1 

mm slip, initial stiffness values were calculated and given in Table 2.7. 
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Table 2.7: Initial stiffness of each specimen 

 

According to the results, in general, the initial stiffness against slip decreased with 

the decrease of the angle size, bolt diameter, bolt grade, and concrete quality. 

1 L100-M24-10-FE-C1 171.7

2 L100-M24-8-FE-C1 137.5

3 L100-M20-10-FE-C1 63.0

4 L100-M20-8-FE-C1 72.1

5 L75-M24-10-FE-C1 131.5

6 L75-M24-8-FE-C1 117.3

7 L75-M20-10-FE-C1 91.0

8 L75-M20-8-FE-C1 127.5

9 L70-M24-10-FE-C1 141.5

10 L70-M24-8-FE-C1 115.0

11 L70-M20-10-FE-C1 103.8

12 L70-M20-8-FE-C1 89.1

13 L60-M24-10-FE-C1 122.3

14 L60-M24-8-FE-C1 143.9

15 L60-M20-10-FE-C1 80.2

16 L60-M20-8-FE-C1 114.2

17 L100-M24-10-BE-C1 112.1

18 L75-M24-10-BE-C1 115.8

19 L70-M24-10-BE-C1 122.6

20 L100-M24-10-BE-C1 100.5

21 L60-M24-10-FI-C1 72.7

22 L100-M24-8-FI-C1 127.5

23 L100-M20-10-FI-C1 40.3

24 L100-M20-8-FI-C1 83.2

25 L100-M20-10-FE-C2 84.4

26 L75-M20-10-FE-C2 91.7

27 L60-M20-10-FE-C2 97.8

28 L100-M24-8-FE-C2 126.6

29 L75-M24-8-FE-C2 122.6

30 L60-M24-8-FE-C2 114.6

31 L100-M20-8-FE-C2 60.1

32 L75-M20-8-FE-C2 88.5

33 L60-M20-8-FE-C2 96.6

Initial Stiffness 

(kN/mm)

Specimen 

#
Nomenclature



 

 

55 

To examine the effects of the change of bolt properties, the slip displacement of the 

specimen groups, according to the angle sizes, under applied shear loads were 

considered. All of the considered groups had front loading direction, threads 

excluded from the shear plane, and the concrete quality of C1. The load-slip graph 

of each specimen is given in Figure 2.12, Figure 2.13, Figure 2.14, and Figure 2.15 

for L100x10, L75x8, L70x7, and L60x6, respectively. 

 

Figure 2.12: Effects of the bolt properties ï L100x10 
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Figure 2.13: Effects of the bolt properties - L75x8 

 

Figure 2.14: Effects of the bolt properties - L70x7 
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Figure 2.15: Effects of the bolt properties - L60x6 

The load-slip graph of each specimen with C2 quality concrete is given in  Figure 

2.16, Figure 2.17, and Figure 2.18for L100x10, L75x8, and L60x6, respectively. 

 

Figure 2.16: Effects of the bolt properties - L100x10 
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Figure 2.17: Effects of the bolt properties - L75x8 

 

Figure 2.18: Effects of the bolt properties - L60x6 

According to the results, providing bolts with higher diameter and grade increased 

the initial stiffness, load-carrying, and slip capacities. In other words, M24 bolts 
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higher initial stiffness than the grade 8.8 bolts in most of the cases, as shown in Table 

2.7. Additionally, load-carrying and slip capacities increased with the increase of the 

bolt capacity, which is related to bolt grade and diameter. 

To examine the effects of the change of angle size, the slip displacement of the 

specimen groups, according to the bolt sizes and grades, under applied shear loads 

were considered. All of the considered groups had front loading direction, excluded 

threads from the shear plane, and the concrete quality of C1. The load-slip graph of 

each specimen is given in Figure 2.19, Figure 2.20, Figure 2.21, and Figure 2.22 for 

M24 grade 10.9, M24 grade 8.8, M20 grade 10.9, and M20 grade 8.8 bolts, 

respectively. 

 

Figure 2.19: Effects of the angle size - M24 - 10.9 bolt 
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Figure 2.20: Effects of the angle size - M24 - 8.8 bolt 

 

Figure 2.21: Effects of the angle size - M20 - 10.9 bolt 
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Figure 2.22: Effects of the angle size - M20 - 8.8 bolt 

The load-slip graph of each specimen with C2 quality concrete is given in Figure 

2.23, Figure 2.24, and Figure 2.25 for M24 grade 8.8, M20 grade 10.9, and M20 

grade 8.8 bolts, respectively. 

 

Figure 2.23: Effects of the angle size - M24 - 8.8 bolt 
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Figure 2.24: Effects of the angle size - M20 - 10.9 bolt 

 

Figure 2.25: Effects of the angle size - M20 - 8.8 bolt 

The bolt capacities given in the graphs were calculated using Equation 2.1, given in 

AISC (2016). The group effect capacity reducing factor of 0.9 was not considered 
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Ὑ πȢφςυzὊ ὃz ςȢρ 

Where Rn is the shear load-carrying capacity of the bolt, Fu is the ultimate tensile 

strength of the bolt, given in Table 2.5, and Ab is the area of the bolt. 

Using Equation 2.1, the capacity of the bolts was calculated as given below. 

Ὑ Ȣ πȢφςυzρρςςȢρz
ςτz “

τ
σρχςφφȢσ ὔ σρχȢςχ Ὧὔ 

Ὑ Ȣ πȢφςυzωυψȢυz
ςτz “

τ
ςχρππωȢυ ὔ ςχρȢπρ Ὧὔ 

Ὑ Ȣ πȢφςυzρρπυȢχz
ςπz “

τ
ςρχρπσȢχ ὔ ςρχȢρπ Ὧὔ 

Ὑ Ȣ πȢφςυzψψυȢφz
ςπz “

τ
ρχσψχψȢς ὔ ρχσȢψψ Ὧὔ 

According to the results, providing larger angle sizes increased the initial stiffness. 

The load-carrying capacity of the connectors was also increased since the area that 

transfers the applied load to the concrete block increased with the increase in the 

angle size; however, with the increase of the applied load, bolt capacities were 

exceeded, which resulted in bolt shear-off and caused slip capacity reduction. In 

other words, with larger angle sizes, the thickness of the connector and the concrete 

contact area increased. Hence, the initial stiffness against slip increased. A higher 

contact area between the connector and the concrete block retarded the crushing of 

the concrete block, which allowed higher loads. Nevertheless, retardation of the 

concrete crushing resulted in higher shear forces in the steel-concrete interface that 

caused bolt shear-off. The bolts with relatively lower capacity, i.e., M20 grade 8.8 

bolts in this study, failed in small slip values since the stiffness against slip was high. 

To strengthen the behavior explained above, the comparison graphs of the specimens 

with threads included in the shear plane and threads excluded from the shear plane 

are given in Figure 2.26, Figure 2.27, Figure 2.28, and Figure 2.29. 
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Figure 2.26: Specimen 13 (threads excluded) and specimen 21 (threads included) 

comparison 

 

Figure 2.27: Specimen 2 (threads excluded) and specimen 22 (threads included) 

comparison 
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Figure 2.28: Specimen 3 (threads excluded) and specimen 23 (threads included) 

comparison 

 

Figure 2.29: Specimen 4 (threads excluded) and specimen 24 (threads included) 

comparison 
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inclusion of threads in shear plane reduced the slip and load-carrying capacities. 

However, the connecters used in specimens 13 and 21, shown in Figure 2.26, were 

L60x60 with lower stiffness, and the load-carrying and slip capacities of specimens 

were similar. 

To observe the effects of the loading direction, the comparison graphs of the 

specimens with front and back loadings are given in Figure 2.30, Figure 2.31, and 

Figure 2.32. In order to double-check the investigation of the behavior of the back 

loading, the comparison of repetitive specimens 17 and 20 were compared and given 

in Figure 2.33. 

 

Figure 2.30: Specimen 1 (front loading) and specimen 17 (back loading) 

comparison 
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Figure 2.31: Specimen 5 (front loading) and specimen 18 (back loading) 

comparison 

 

Figure 2.32: Specimen 9 (front loading) and specimen 19 (back loading) 

comparison 
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Figure 2.33: Specimen 17 (back loading) and specimen 20 (back loading) 

comparison 

According to the results, back loading caused a decrease in initial stiffness. In larger 

angle sizes, i.e., L100x10 and L75x8, load-carrying capacity decreased with the 

change of the loading direction; meanwhile, in smaller angle sizes, i.e., L70x7 and 

L60x6, load-carrying, and slip capacities did not show any significant change. 

The differences in capacities between companion specimens were around 20%, 

according to Figure 2.33. This can be attributable to the local variations of concrete 

strength. 

To ease the understanding of the interpretations regarding the change of load-

carrying behavior of specimens with the change of concrete quality, the load versus 

slip displacement graphs of the identical specimens with different concrete qualities 

are given in Figure 2.34, Figure 2.35, Figure 2.36, Figure 2.37, Figure 2.38, Figure 

2.39, Figure 2.40, Figure 2.41, and Figure 2.42 for L100x10, L75x8, and L60x6 with 

the combinations of the bolts M24 grade 8.8, M20 grade 10.9, M20 grade 8.8, 

respectively. 

0.000

50.000

100.000

150.000

200.000

250.000

300.000

350.000

0.000 5.000 10.000 15.000 20.000 25.000 30.000 35.000

L
o

a
d

 (
kN

)

Slip (mm)

L100x10 - M24 - 10.9

Specimen 17 Specimen 20



 

 

69 

 

Figure 2.34: Specimen 2 (C1) and specimen 28 (C2) comparison 

 

Figure 2.35: Specimen 3 (C1) and specimen 25 (C2) comparison 
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Figure 2.36: Specimen 4 (C1) and specimen 31 (C2) comparison 

 

Figure 2.37: Specimen 6 (C1) and specimen 29 (C2) comparison 
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Figure 2.38: Specimen 7 (C1) and specimen 26 (C2) comparison 

 

Figure 2.39: Specimen 8 (C1) and specimen 32 (C2) comparison 
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Figure 2.40: Specimen 14 (C1) and specimen 30 (C2) comparison 

 

Figure 2.41: Specimen 15 (C1) and specimen 27 (C2) comparison 
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Figure 2.42: Specimen 16 (C1) and specimen 33 (C2) comparison 

M24 grade 10.9 bolts were not included in the design of the specimens in the second 

batch since the second batch specimens were planned to be tested with lower 

concrete quality, and the capacity provided by M24 grade 10.9 bolts would be 

unnecessarily high. However, since the capacity difference between the concrete 

batches was around 35%, the concrete crushing was predominant for the second 

batch specimens. Therefore, the ductility and slip displacement capacity of the 

specimens of the second batch was higher. Additionally, the specimens with higher 

concrete quality had higher load-carrying capacity.  

As mentioned, Eurocode 4 (2011) requires a minimum slip capacity of 6 mm as a 

ductility limitation. However, the composite beams with high degrees of composite 

action, i.e., more than 75%, are generally expected to show a slip demand of less 

than 6 mm; meanwhile, beams with low degrees of composite action, i.e., less than 

33%, can undergo slip levels of 12 mm. Thus, the applied loads at 3, 6, 9, and 12 

mm slip displacements and the maximum load-carrying capacity of specimens were 

determined. The determined load values are given in Table 2.8. 
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Table 2.8: Applied loads at 3, 6, 9, and 12 mm and ultimate load capacity 

 

To examine the effects of angle size on load-carrying capacity before reaching the 

ductility limitation, resistances at 3 mm and 6 mm slip for specimens with C1 

concrete quality are given in Figure 2.43 and Figure 2.44,respectively. 

1 L100-M24-10-FE-C1 317.3 257.6 291.9 314.7 327.1 329.4

2 L100-M24-8-FE-C1 271.0 236.6 268.2 281.5 292.6 313.8

3 L100-M20-10-FE-C1 217.1 184.3 218.6 230.3 - 231.1

4 L100-M20-8-FE-C1 173.9 166.2 194.4 - - 197.7

5 L75-M24-10-FE-C1 317.3 215.2 213.5 217.7 241.8 288.6

6 L75-M24-8-FE-C1 271.0 204.7 206.7 193.0 215.0 290.0

7 L75-M20-10-FE-C1 217.1 174.9 200.4 207.8 225.0 251.0

8 L75-M20-8-FE-C1 173.9 167.8 188.4 - - 193.2

9 L70-M24-10-FE-C1 317.3 211.6 173.3 172.8 198.4 227.1

10 L70-M24-8-FE-C1 271.0 204.0 196.1 197.4 216.8 218.3

11 L70-M20-10-FE-C1 217.1 163.3 166.8 180.7 185.8 189.3

12 L70-M20-8-FE-C1 173.9 161.4 184.1 191.5 - 191.8

13 L60-M24-10-FE-C1 317.3 182.5 149.2 165.6 180.1 239.5

14 L60-M24-8-FE-C1 271.0 163.0 180.1 204.5 229.7 236.5

15 L60-M20-10-FE-C1 217.1 156.4 187.4 161.9 171.9 214.9

16 L60-M20-8-FE-C1 173.9 159.8 176.2 190.9 - 193.4

17 L100-M24-10-BE-C1 317.3 207.1 190.7 201.5 215.9 300.9

18 L75-M24-10-BE-C1 317.3 140.7 160.0 190.1 219.4 280.8

19 L70-M24-10-BE-C1 317.3 153.0 181.6 206.4 218.1 248.9

20 L100-M24-10-BE-C1 317.3 181.1 154.3 151.0 161.9 243.8

21 L60-M24-10-FI-C1 253.8 187.1 227.2 223.9 220.4 234.8

22 L100-M24-8-FI-C1 216.8 205.0 231.8 - - 233.5

23 L100-M20-10-FI-C1 173.7 124.7 - - - 169.9

24 L100-M20-8-FI-C1 139.1 143.8 - - - 153.6

25 L100-M20-10-FE-C2 217.1 172.7 199.9 213.3 224.8 244.6

26 L75-M20-10-FE-C2 217.1 159.2 163.8 159.6 168.4 180.9

27 L60-M20-10-FE-C2 217.1 136.2 133.2 151.4 155.4 157.0

28 L100-M24-8-FE-C2 271.0 217.3 241.3 223.9 227.0 242.4

29 L75-M24-8-FE-C2 271.0 195.2 182.8 195.6 212.4 214.2

30 L60-M24-8-FE-C2 271.0 149.8 152.4 159.0 152.4 160.9

31 L100-M20-8-FE-C2 173.9 164.3 192.3 - - 194.5

32 L75-M20-8-FE-C2 173.9 154.6 173.8 176.0 186.7 199.9

33 L60-M20-8-FE-C2 173.9 146.0 153.1 162.8 176.0 179.0

12 mm 
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Figure 2.43: Loads at 3 mm slip of specimens with C1 concrete quality (angle size 

effect) 

 

Figure 2.44: Loads at 6 mm slip of specimens with C1 concrete quality (angle size 

effect) 

According to the figures, in short, the load-carrying capacity of the specimens at 3 

mm and 6mm slips increased with the increase of angle size. 

0.00

50.00

100.00

150.00

200.00

250.00

300.00

M24 - 10.9 M24 - 8.8 M20 - 10.9 M20 - 8.8

C
a

p
a

ci
ty

 (
k
N

)

Capacity at 3 mm (Specimens with C1 Concrete Quality)

L100x10

L75x8

L70x7

L60x6

0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

M24 - 10.9 M24 - 8.8 M20 - 10.9 M20 - 8.8

C
a

p
a

ci
ty

 (
k
N

)

Capacity at 6 mm (Specimens with C1 Concrete Quality)

L100x10

L75x8

L70x7

L60x6



 

 

76 

To examine the effects of angle size on ultimate load-carrying capacity, the ultimate 

load capacities of specimens with C1 quality concrete are given in Figure 2.45. 

 

Figure 2.45: Ultimate capacities of specimens with C1 concrete quality (angle size 

effect) 

According to the results, except for the specimens that experienced bolt shear-off, 

L100x10 angle connectors provided the highest capacity, and capacities decreased 

with a decrease in the angle size. Exceptionally, L70x7 connectors provided lower 

capacities compared to the L60x6 connectors, although their thickness was higher. 

The reason might be the relatively lower yield strength of the angle sections, reported 

in Table 2.4.  

To examine the effects of bolt properties on load-carrying capacity before reaching 

the ductility limitation, loads carried until 3, and 6 mm for specimens with C1 

concrete quality are given in Figure 2.46 and Figure 2.47, respectively. 
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Figure 2.46: Loads at 3 mm slip of specimens with C1 concrete quality (bolt 

property effect) 

 

Figure 2.47: Loads at 6 mm slip of specimens with C1 concrete quality (bolt 

property effect) 

According to the figures, in short, the load-carrying capacity of the specimens at 3 

mm and 6mm slips increased with the use of stiffer bolts.  
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To examine the effects of bolt properties on ultimate load-carrying capacity, the 

ultimate load capacities of specimens with C1 quality concrete are given in Figure 

2.48. 

 

Figure 2.48: Ultimate capacities of specimens with C1 concrete quality (bolt 

property effect) 

According to the results, the ultimate load-carrying capacity of the specimens 

increased with the increase of the bolt capacity. 

The maximum slip displacement of each specimen is given in Figure 2.49 to 

strengthen the previous interpretations. According to the results, in general, the 

ductility of the specimens increased with the increase of the bolt capacity and with 

the decrease of the concrete quality. 
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Figure 2.49: Maximum slip displacement of each specimen 

The behavior of channel connectors in steel-concrete composite systems were 

investigated by Arēkoĵlu et al. (2020). To evaluate the performance of the proposed 

connector system, the ultimate capacities of the specimens 1, 5, and 13 were 

compared with the capacities of channel connectors with similar heights, and the 

comparison is given in Table 2.9. 

Table 2.9: Comparison with channel connectors 

 

Where the chosen specimens from Arēkoĵlu et al. (2020) had a connector width of 

50 mm and high strength mortar (HSM) filling material with the compressive 

strength of 40.7 MPa. 

According to the comparison, the proposed connector system had less stiffness 

against slip due to the high stiffness provided by the welded connections. 
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relatively higher compressive strength, the ultimate capacity of the connectors was 

influenced in a positive manner. Nevertheless, the proposed system had similar 

behavior and slip capacity, which showed that bolted angle shear connectors were a 

strong alternative for welded connection systems. 

2.3.3 Recommendations for Capacity Prediction 

To predict the ultimate load-carrying capacity of the connectors at 6 mm slip, the 

specimens that experienced bolt shear-off failure were neglected. The average 

capacities, standard deviations (ST), and coefficient of variations (COV) of 

remaining specimens were calculated according to the size of angle sections and 

given in Table 2.10 and Table 2.11 for series 1 and 2, respectively. 

Table 2.10: Series 1 - average load, ST, and COV 

 

L100-M24-10-FE-C1 291.9

L100-M24-8-FE-C1 268.2

L100-M20-10-FE-C1 NDBS

L100-M20-8-FE-C1 NDBS

L75-M24-10-FE-C1 213.5

L75-M24-8-FE-C1 206.7

L75-M20-10-FE-C1 200.4

L75-M20-8-FE-C1 NDBS

L70-M24-10-FE-C1 173.3

L70-M24-8-FE-C1 196.1

L70-M20-10-FE-C1 166.8

L70-M20-8-FE-C1 NDBS

L60-M24-10-FE-C1 149.2

L60-M24-8-FE-C1 180.1

L60-M20-10-FE-C1 187.4

L60-M20-8-FE-C1 NDBS

206.9 6.5 0.03

Series 1

280.0 16.8 0.06

Specimen Name
Load at 6 mm 

Displacement (kN)

Average 

Load (kN)

Standard 

Deviation (kN)

Coefficient of 

Variation (-)

172.2

15.4

20.3

0.09

0.12

178.7

NDBS: Neglected due to Bolt Shear-off
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Table 2.11: Series 2 - average load, ST, and COV 

 

The average load-carrying capacities of each series were compared and given in 

Table 2.12. Since the calculated coefficient of variations were low, less than 15%, 

average loads were directly used without any modification in comparison. 

Table 2.12: Comparison of series ï 6 mm 

 

The ratio between concrete qualities was calculated using Equation 2.2. 

ὶ
Ὢ  

Ὢ  
 ςȢς 

ὶ  
ςψȢχ

σωȢρ
πȢψφ 

L100-M24-8-FE-C2 241.3

L100-M20-10-FE-C2 199.9

L100-M20-8-FE-C2 NDBS

L75-M24-8-FE-C2 182.8

L75-M20-10-FE-C2 163.8

L75-M20-8-FE-C2 173.8

L60-M24-8-FE-C2 152.4

L60-M20-10-FE-C2 133.2

L60-M20-8-FE-C2 153.1

Coefficient of 

Variation (-)

NDBS: Neglected due to Bolt Shear-off

220.6

173.5

146.3

29.3 0.13

9.5 0.05

11.3 0.08

Series 2

Specimen Name
Load at 6 mm 

Displacement (kN)

Average 

Load (kN)

Standard 

Deviation (kN)

L100x10 280.0 220.6 0.79

L75x8 206.9 173.5 0.84

L60x6 172.2 146.3 0.85

0.83Average

Comparison

L Shape 

Size

Average Load - 

Serie 1 (kN)

Average Load - 

Serie 2 (kN)

Ratio 

(Serie2/Serie1)
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The similarity of the average of calculated load ratios and the concrete strength ratio 

showed that the load-carrying capacity of the proposed connectors at 6 mm slip could 

be predicted for any concrete strength by using the load capacities of series 1 

specimens which were 280 kN, 206.9 kN, and 172.2 kN for L100x10, L75x8, and 

L60x6 connectors, respectively. 

The same procedure was followed for the capacities at 3- and 9- mm slip 

displacements. The obtained capacity comparison between the series 1 and series 2 

specimens is given in Table 2.13 and Table 2.14 for 3mm slip and 9 mm slip, 

respectively. 

Table 2.13: Comparison of series ï 3 mm 

 

Table 2.14: Comparison of series ï 9 mm 

  

The comparison between the tables of 3-, 6-, and 9- mm slips showed that the 

increase in the average shear load-carrying capacity of the specimens, with the 

increase of the slip displacement, was small. Additionally, the average of the series 

1 and series 2 capacity ratios did not change with the slip displacement increase, 

indicating that the prediction method is accurate.

L100x10 247.3 194.8 0.79

L75x8 198.3 169.6 0.86

L60x6 167.3 143.9 0.86

0.83

Ratio 

(Serie2/Serie1)

Average

Comparison

L Shape 

Size

Average Load - 

Serie 1 (kN)

Average Load - 

Serie 2 (kN)

L100x10 297.8 218.5 0.73

L75x8 206.2 177.2 0.86

L60x6 177.4 157.6 0.89

0.83

Ratio 

(Serie2/Serie1)

Average

Comparison

L Shape 

Size

Average Load - 

Serie 1 (kN)

Average Load - 

Serie 2 (kN)
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CHAPTER 3  

3 PULL -OUT TESTS 

 In this chapter, an experimental investigation of the proposed shear connectors is 

made via pull-out tests conducted at the Structural Mechanics Laboratory of the 

Department of Civil Engineering at Middle East Technical University. These tests 

are the second phase of the experimental study and aim to understand the behavior 

and the tensile load-carrying capacity of the connectors. 

3.1 Test Setup 

The technical drawings of the test setup are given in Figure 3.1, and the photos are 

indicated in Figure 3.2. The test setup was designed to conduct a pull-out test on a 

typical connector, which is embedded into a concrete block. The setup was 

configured as a self-contained system that does not require any reaction wall or a 

vertical support system. The loading was applied by making use of a 600 kN capacity 

hydraulic jack. The applied load was measured by making use of a 1000 kN capacity 

load cell which is mounted on the top of the hydraulic jack. The load was transferred 

from the hydraulic jack to a rod with a 27 mm diameter which is connected to the 

shear connector embedded into the concrete.   
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Figure 3.1: Test setup 

 

Figure 3.2: Photos of the test setup: a) General view - 1, b) General view - 2, c) 

During test - 1, d) During test - 2 
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A typical test specimen consists of a square concrete block of 400 mm side length. 

The high-strength bolt used in the proposed connector extends out of the concrete 

block. A freely extending bolt was connected to the loading rod with a special 

transmitter produced for the test setup. A concrete cone type of failure, which has a 

failure radius of effective connector height, was expected while designing the test 

setup. Hence, the distance between supporting legs, shown in Figure 3.1, was 

designed long enough for not to prevent the concrete cone failure. 

Two European channel UPN80 sections of 400 mm length were welded to a 150×100 

mm steel plate with a 40 mm spacing between the channels to construct the support 

legs, as shown in Figure 3.3. The reaction beam located at the top of the supporting 

legs had the same orientation of the legs, shown in Figure 3.3. The 40 mm gap was 

ensured to provide enough spacing for the 27 mm diameter loading rod to pass 

through it. 

 

Figure 3.3: Supporting leg top view 
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3.1.1 Orientation of Data Recording Instruments 

The applied load and the vertical displacement of the connector were monitored 

during a typical test. Two extension legs were welded to the transmitter. Two LVDTs 

were placed at the ends of the extension legs connected to the transmitter, as shown 

in Figure 3.4. The differential vertical displacement can be directly calculated by 

making of these two independent readings. 

 

Figure 3.4: Orientation of LVDTs 

3.2 Test Specimens 

The pull-out experiments conducted in the literature were constructed with a 

concrete block supported by steel sections from top and bottom. The concrete block 

was clamped to the floor beam by two square sections and bolted to the top beam 

with investigated mechanical anchorages. However, in this study, a different test 

setup with a similar working mechanism was used. Thus, the design of the test 

specimens varied compared with the ones in the literature. 

The concrete blocks used in test specimens had a square shape with 400 mm 

dimension and 180 mm thickness. Four 8 mm diameter bars were used as steel 

reinforcement in the long and short directions. These were placed symmetrically at 

the top and bottom surfaces, as shown in Figure 3.5. A total of 6 specimens were 

designed and the parameters considered are given in Section 3.2.1. 
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Figure 3.5: Reinforcement layout 

3.2.1 Design Parameters 

The size of the angle sections was the main parameter considered. Changes in the 

section sizes resulted in the change in total height, which enabled an increase in 

tension resistance. Detailed tabulated information about the specimens is given in 

Table 3.1. European angle sections L100×10, L75×8, L60×6, L40×4, and L30×3 

with 50 mm width were used in the testing program. The leg size of the lower section 

was selected considering the applicability in beam specimen production, and the total 
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height is limited to stay in between the applicable deck height limits. M24 high-

strength bolts with 10.9 grade were considered. 

The nomenclature used for identifying the specimens is as follows: the first entry is 

used for the size of the lower angle section, where L100 is for L100×10 and L75 is 

for L75×8, the second entry is used for the size of the upper angle section 75 is for 

L75×8, 60 is for L60×6, 40 is for L40×4, and 30 is for L30×3, the third entry is for 

the total height of the specimen, and it is used as given in Table 3.1; although bolt 

diameter and bolt strength are not taken as parameters, in the nomenclature, the 

fourth entry is for bolt diameter where M24 refers to 24 diameter bolt, and the fifth 

entry is for bolt strength where 10 refers to 10.9 grade bolt. 

For example, specimen 3 L100-40-120-M24-10 is a specimen with an L100×10 

lower angle section, L40×40 upper angle section, a total height of 120 mm, and an 

M24 10.9 grade bolt. The list of all nomenclatures is given in Table 3.2. 

Table 3.1: Experiment matrix for pull-out specimens 

 

Table 3.2: Specimen nomenclatures 

 

The upper angle sections were welded to lower angle sections using fillet welds with 

a constant welding leg of 20 mm. In other words, the angle sections overlap with 

each other by 20 mm. Bolt holes were introduced into the lower angle sections by 

making use of a drill bit. The size of the holes was equal to the bolt diameter. In other 

Specimen # L Shape Size (mm) Total height (mm) Bolt Grade Bolt diameter (mm)

1 L75 & L30 85 10.9 24

2 L75 & L40 95 10.9 24

3 L100 & L40 120 10.9 24

4 L75 & L60 115 10.9 24

5 L100 & L60 140 10.9 24

6 L100 & L75 155 10.9 24

Specimen # Nomenclature Specimen # Nomenclature Specimen # Nomenclature

1 L75-30-85-M24-10 2 L75-40-95-M24-10 3 L100-40-120-M24-10

4 L75-60-115-M24-10 5 L100-60-140-M24-10 6 L100-75-155-M24-10
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words, there was no tolerance between the bolt hole and the bolt. An explanatory 

drawing of specimen 1 is given in Figure 3.6. 

 

Figure 3.6: Specimen 1 (L75-30-85-M24-10) 

Design specimens included combinations of the same lower angle section with 

different upper angle sections and the same upper angle section with different lower 

angle sections to understand the contributions of sections separately. Additionally, 

similar total heights constructed with different combinations were considered to 

understand whether the capacity depended on the upper angle section or total height. 

3.2.2 Geometric and Material Properties 

The angle sections with properties reported in Table 2.3 were used. The tensile 

strength of the angles is given in Table 2.4, and the stress-strain responses are given 

in Figure 2.7. The ultimate tensile strength of the bolts is given in Table 2.5. 

The specimens were prepared with the second batch of push-out specimens, so the 

compressive strength of the concrete was 28.7 MPa. 
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3.3 Test Results 

A total of six pull-out specimens, explained in Table 3.1, were tested. The conducted 

experiments had a single phase, and specimens were loaded to failure. 

3.3.1 Observed Failure Modes 

According to ACI (2014), the tensile load-carrying capacity of an embedded 

anchorage can be calculated by using the concrete cone method. Equation 3.1 was 

used for a single stud and no haunch system. 

ὔ
ὃ

ὃ
‪z ȟ ‪z ȟ ‪zȟ ὔz σȢρ 

Where Ncbg is the load-carrying capacity in kips, ANco is the tributary area of the 

anchorage and calculated using Equation 3.2, ANc is the tributary area with haunch, 

and it is equal to ANco for designs with no haunch, ɣec,N is eccentricity factor, and 1 

for concentric loading, ɣed,N is height factor and 1 for the cases where one and a half 

times of the connector height is less than 12 inches, ɣc,N is the haunch factor and 1 

for the cases with no haunch, and Nb is the concrete tensile strength for an embedded 

anchorage and calculated using Equation 3.3. 

ὃ ωz Ὤ  σȢς 

ὔ Ὧᶻ Ὢ ὬzȢ σȢσ 

Where in Equation 3.3, kc is 24 for cast-in-place anchors, fc is the compressive 

strength of the concrete on the 28th day, and hef is the effective length of the 

anchorage. 

The concrete cone strength of the specimens was calculated and given in Table 3.3. 

With the use of the capacities and the experimental results given in Table 3.5, true 

errors and true percent relative errors (Ůt) are given in Table 3.4. 
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Table 3.3: Concrete cone strength of specimens 

 

Table 3.4: Comparison between capacities and errors 

 

According to the errors given in Table 3.4, it can be said that the theoretical method 

underestimated the load-carrying capacity of the connectors with a total height of 

less than 120 mm since the bending of the upper angle section provided additional 

strength.  

The failure of the specimens occurred in two phases. Bending of the lower angle 

section was observed, as shown in Figure 3.7 followed by breaking off the concrete 

cone, as shown in Figure 3.8. 

Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6

hef (mm) 85.00 95.00 120.00 115.00 140.00 155.00

hef (in) 3.35 3.74 4.72 4.53 5.51 6.10

fc (MPa) 28.70 28.70 28.70 28.70 28.70 28.70

fc (psi) 4162.58 4162.58 4162.58 4162.58 4162.58 4162.58

kc (-) 24.00 24.00 24.00 24.00 24.00 24.00

Nb (lbs) 9481.48 11199.54 15898.55 14919.43 20038.10 23342.07

Anco (in
2) 100.82 125.89 200.85 184.53 273.44 335.15

Anc (in
2) 100.82 125.89 200.85 184.53 273.44 335.15

e̞c,N 1 1 1 1 1 1

e̞d,N 1 1 1 1 1 1

c̞,N 1 1 1 1 1 1

Ncbg (lbs) 9481.48 11199.54 15898.55 14919.43 20038.10 23342.07

Ncbg(kN) 42.18 49.82 70.72 66.36 89.13 103.83

L75-30-85-M24-10 50.80 42.18 8.62 16.98

L75-40-95-M24-10 59.08 49.82 9.26 15.68

L100-40-120-M24-10 73.80 70.72 3.08 4.17

L75-60-115-M24-10 90.35 66.36 23.99 26.55

L100-60-140-M24-10 79.87 89.13 -9.26 -11.60

L100-75-155-M24-10 87.66 103.83 -16.17 -18.45

Specimen Name
Theoretical 

Capacity (kN)

Experimental 

Capacity (kN)

True Error 

(Et)
tʁ (%)
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Figure 3.7: Failure mode - phase 1 

 

Figure 3.8: Failure mode - phase 2 
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3.3.2 Behavior Under Tensile Load 

The pull-out displacement response of specimens under tensile applied loads is given 

in Figure 3.9, Figure 3.10, Figure 3.11, Figure 3.12, Figure 3.13, and Figure 3.14 for 

specimens 1 to 6, respectively. 

 

Figure 3.9: Specimen 1 - load vs. pull-out displacement 
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Figure 3.10: Specimen 2 - load vs. pull-out displacement 

 

Figure 3.11: Specimen 3 - load vs. pull-out displacement 
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Figure 3.12: Specimen 4 - load vs. pull-out displacement 

 

Figure 3.13: Specimen 5 - load vs. pull-out displacement 
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Figure 3.14: Specimen 6 - load vs. displacement 

The specimens showed similar load-displacement behavior. According to the results, 

it can be seen that until an applied load of 20 kN, all specimens had a linear load-

displacement response.  

To ease the understanding of the interpretations regarding the ultimate behavior of 

specimens, the load versus pull-out displacement curves of all specimens are 

combined in a single graph, which is given in Figure 3.15. The comparison between 

specimens 1, 2, and 3 showed that increasing the total height of the specimens 

resulted in a higher load-carrying capacity. However, since members were expected 

to carry mainly shear forces in composite beam design, maximum favorable vertical 

deformation can be limited to 5 mm, although most of the specimens had a 

deformation capacity higher than 20 mm. In this manner, the comparison between 

specimens 5 and 6 showed that the increase in the total height of the connectors 

increased the capacity until a certain point that concrete strength became the 

governing factor. Additionally, the comparison between specimens 3 and 4, which 

had similar total heights, showed that in the means of capacity, an increase in the 
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size of the upper angle section was more beneficial compared to an increase in the 

size of the lower angle section. 

On the other hand, considering the tensile capacity of the demountable headed studs 

with an embedment depth of 120 mm reported by Tan et al. (2019), i.e., 60 kN, all 

specimens have reached very satisfactory capacity limits. 

 

Figure 3.15: Applied load vs. pull-out displacement curves of all specimens 

The maximum load-carrying capacity, displacement at maximum load, maximum 

displacement capacity, and load carried at 5- and 10-mm displacements of each 

specimen are given in Table 3.5.  
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Table 3.5: Maximum load and displacements 

 

According to the results given in Table 3.5, specimen 1, which was used in the design 

of beam specimens, reached its peak capacity at 3.25 mm and had an ultimate load-

carrying and displacement capacities of 50.80 kN and 10 mm, respectively. 

 

Specimen NomenclaturePmax (kN) ҟ ŀǘ t Ґ tmax (mm) ҟmax (mm) t ŀǘ ҟ Ґ р ƳƳ όƪbύt ŀǘ ҟ Ґ мл ƳƳ όƪbύ

L75-30-85-M24-10 50.80 3.25 10.06 49.11 25.42

L75-40-95-M24-10 59.08 7.46 13.88 55.22 45.73

L100-40-120-M24-10 73.80 14.21 21.12 59.49 69.09

L75-60-115-M24-10 90.35 17.82 20.72 59.67 73.61

L100-60-140-M24-10 79.87 17.46 21.62 56.14 66.03

L100-75-155-M24-10 87.66 19.32 21.90 50.88 66.06



 

 

99 

CHAPTER 4  

4 BEAM BENDING TESTS 

In this chapter, an experimental investigation of the proposed shear connectors is 

made via beam bending tests conducted at the Structural Mechanics Laboratory of 

the Department of Civil Engineering at Middle East Technical University. These 

tests are the third phase of the experimental study and aim to understand the behavior 

and the responses in real-life applications. 

4.1 Test Setup 

A single-point loading test setup was developed to conduct beam bending 

experiments. The technical drawing of the test setup is given in Figure 4.1, and the 

photos are indicated in Figure 4.2. 

 

Figure 4.1: Test setup 

The loading was applied by making use of a 600 kN capacity hydraulic jack. The 

non-stationary end of the hydraulic jack was attached to a steel frame, as shown in 

Figure 4.2a. The applied load was measured by making use of a 1000 kN capacity 

load cell which is mounted on the stationary end of the hydraulic jack. The load was 
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transferred from the hydraulic jack to a transmitter, which is fabricated specially for 

connecting the hydraulic jack and the load cell. Then, the load was transferred from 

the transmitter to the load cell. Finally, the load was transferred from the load cell to 

a hinge, which is used to stabilize the system against any rotation effects, and from 

the hinge to the HEA200 load spreader beam, which is used to spread the load to 

prevent excessive load concentrations that may cause local concrete crushing. 

Additionally, after some experiments, a rotation prevention system, shown in Figure 

4.2b, was added to the system. The working mechanism of the rotation prevention 

system is limiting the vertical deformation (deflection) capacity of the concrete deck 

of the composite beam at the ends. 

 

Figure 4.2: Photos of the test setup: a) General view, b) Rotation prevention system 

and LVDTs, c) Loading instruments, d) Strain gauges 
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A typical test specimen consists of a steel IPE300 beam and a concrete block that is 

connected to the steel beam using the proposed shear connectors with 6000x800x120 

mm length, width, and height dimensions, respectively. Since the tensile capacity of 

the proposed connectors, investigated in Chapter 3, was satisfactory for not 

observing tensional failure, a clamping mechanism was not used; however, in some 

situations requiring the prevention of concrete splitting, a clamping mechanism may 

be considered to prevent concrete splitting. 

4.1.1 Details of Data Recording Instruments 

The applied load, the vertical deflection, the slip at the interface of the steel beam 

and concrete deck, and the strain values of the steel beam were monitored during a 

typical test. 

Eight LVDTs were placed to measure the slip, LVDT-2 to LVDT-10, as shown in 

Figure 4.2b and Figure 4.3. Two LVDTs were placed in the middle to measure the 

vertical deflection at the midspan at the backside and frontside, as shown in Figure 

4.3. Two LVDTs were placed at the quarters to measure the vertical deflection at the 

quarter spans, as shown in Figure 4.3. Five strain gauges were placed at the bottom 

of the top flange, the web of steel section, and the bottom of the bottom flange to 

measure the strain values on the steel beam. The number of relative slips and 

deflections, the rotation of the concrete block, and the strain profile through the 

loading can be directly calculated by making of these readings. 

 

Figure 4.3: Orientation of LVDTs and strain gauges 



 

 

102 

4.2 Test Specimens 

The beam specimens were prepared using the proposed shear connectors. The wire 

mesh reinforcements with 6 mm diameter and 150x150 mm square openings were 

used for reinforcing the concrete deck. The wire mesh was placed in two symmetric 

layers to the top and bottom, as shown in Figure 4.4. Bolted angle shear connectors 

were fastened to a 10.7 mm thick flange of European steel I-section, IPE300. A total 

of 4 specimens were designed and the parameters considered are given in Section 

4.2.1. A plastic sheet was placed above the steel beam to prevent the bonding of 

concrete to the I-section and to eliminate friction at the interface. 

 

Figure 4.4: Reinforcement layout 

4.2.1 Design Parameters 

The size of the angle section, degree of composite action, bolt grade, the inclusion 

of hole tolerance, and bolt thread condition were considered as the prime variables. 

Detailed tabulated information about the specimens is given in Table 4.1. European 
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angle sections L100×10 and L75×8 with 50 mm width were used in the testing 

program. M20 high-strength bolts with 8.8 and 10.9 grades were considered. 

The nomenclature used for identifying the specimens is as follows: the size of the 

angle section where L100 is for L100×10 and L75 is for L75×8, the second entry is 

used for the target degree of composite action where 100 is used for 100% composite, 

50 is used for 50% composite, and 25 is used for 25% composite, the third entry is 

for the bolt strength where 8 and 10 stand for 8.8 and 10.9 grade bolts, respectively,  

the fourth entry is the inclusion of the hole tolerance, NT and 2T stand for ñno 

toleranceò and ñ2 mm toleranceò, respectively and the fifth entry stands for thread 

condition where E and I stand for ñexcludedò and ñincluded,ò respectively. 

For example, specimen 1 L75-100-10-NT-E is a specimen with an L75×8 angle 

section, 100% aimed degree of composite action, M20 10.9 grade bolt, no hole 

tolerance, and threads are excluded from the shear plane. The list of all 

nomenclatures is given in Table 4.2. 

Table 4.1: Experiment matrix for beam bending specimens 

 

Table 4.2: Specimen nomenclatures 

 

The first 3 specimens were designed to have a failure mode of concrete crushing, 

and the last specimen was designed to have a failure mode of bolt shear-off since 

specimen 4 had M20 8.8 grade bolts with threads included in the shear plane, which 

created considerably lower shear load-carrying capacity. To accomplish a design 

with threads included in the shear plane, three washers were placed between the steel 

section and the bolt. Additionally, specimen 4 was constructed with L100 angle 

1 L75 10.9 20 100 180.93 - 9 18

2 L75 10.9 20 50 180.93 - 5 10

3 L75 10.9 20 25 180.93 2 mm hole tolerance 3 6

4 L100 - cut 8.8 20 25

Specimen 

#

Connector 

Used

Bolt 

Grade 

Bolt diameter 

(mm)

Target Degree of 

Composite Action (%)

158.14

Push-out Capacity 

(kN) (Qn)

3 6

Additional Information
# of connectors 

per half span

Total # of 

connectors

L shape cut to h = 75 mm 

Threads Included

Specimen # Nomenclature Specimen # Nomenclature

1 L75-100-10-NT-E 2 L75-50-10-NT-E

3 L75-25-10-2T-E 4 L100-25-8-NT-I
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connectors cut to have a height of 75 mm to provide applicability to decks with 100 

mm height since AISC (2016) states that a clear cover provided for shear connectors 

in the design of composite members should be accordance with ACI (2014) and in 

ACI (2014), the required minimum concrete cover is defined as ¾ inches, i.e., 19 

mm.  

The effect of hole tolerance and change in angle size on initial stiffness can be 

observed with the comparisons of specimens 2 and 3, and specimens 3 and 4, 

respectively. The effect of the degree of composite action on load-carrying capacity 

can be observed with the comparison of specimens 1 and 2.  

In AISC (2016), it is stated that the degree of composite action could be calculated 

by Equation 4.1. 

ὈὩὫὶὩὩ έὪ ὅέάὴέίὭὸὩ ὃὧὸὭέὲ 
Вὗ

ÍÉÎὃὊȟπȢψυὪὃ
τȢρ 

Where Qn is the shear strength of the connector, As is the area of the steel section, Fy 

is the yield strength of the steel section, fôc is the concrete compressive strength, and 

Ac is are of concrete block. 

The calculation of the required number of shear connections for a target degree of 

composite action and back-calculation of composite ratio with the designed beam 

specimens will be given in Section 4.2.3 with the use of Equation 4.1. 

4.2.2 Geometric and Material Properties 

The angle sections with properties reported in Table 2.3 were used. The tensile 

strength of the angles is given in Table 2.4, and the stress-strain responses are given 

in Figure 2.7. The ultimate tensile strength of the bolts is given in Table 2.5. 

Since all steel beam sections were ordered from the same batch, only one of them is 

measured with a caliper to identify the geometric properties of the I-section, IPE300, 

as reported in Table 4.3. The dimensions conformed to the EN10034 (1993) 
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standard. The coupons used to conduct tensile tests to determine load-carrying 

capacity were extracted from the same I-section according to EN10002 (2001). The 

obtained material properties are indicated in Table 4.4. 

Table 4.3: IPE300 section dimensions 

 

Average Tabulated Value

Average Tabulated Value

Average Tabulated Value

Left Right Left Right

10.34 10.12 10.32 10.15

9.33 10.34 9.34 9.94

Average Tabulated ValueLeft End

303 303

302 302

301 303

Right End

302 300

10.70

153.21

7.72

9.99

Section Depth (d) (mm)

7.69

7.10

Right End

Left End

7.74

Right End

153.56

153.53

153.03

150.00

Right End

7.71

7.74

IPE 300 Steel Beam

Flange Width (bf) (mm)

Left End

153.54

153.32

152.30

Web Thickness (tw) (mm)

7.72

Left End

Flange Thickness (tf) (mm)

7.71



 

 

106 

Table 4.4: Material properties of I-section 

 

The stress-strain responses obtained from the coupon tests are given in Figure 4.5. 

 

Figure 4.5: Stress versus strain diagram for I-sections 

The specimens were prepared with the second batch of push-out specimens, so the 

compressive strength of the concrete was 28.7 MPa. 

The required number of connectors for the aimed degree of composite actions can 

be calculated using the given properties is given in Table 4.5. 

Fy,0.2 Fu %E

MPa MPa -

(IPE300 - Web)N1 303.59 426.49 39.50

(IPE300 - Web)N2 308.76 427.47 38.97

(IPE300 - Web)N3 306.20 427.32 36.27

IPE300 - Web -Average 306.19 427.09 38.25

(IPE300 - Flange)N1 290.48 421.29 19.73

(IPE300 - Flange)N2 296.63 429.34 19.66

(IPE300 - Flange)N3 292.50 428.76 41.34

IPE300 - Flange -Average293.20 426.46 26.91
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Table 4.5: Back calculated degrees of composite actions 

 

The formulation used in the calculation of the required number of connectors per 

half span is a modified version of Equation 4.1, as given in Equation 4.2. 

ὔὩὩὨὩὨ ὔόάὦὩὶ έὪ ὅέὲὲὩὧὸέὶί 
ὅέάὴέίὭὸὩ ὙὥὸὭέᶻÍÉÎὃὊȟπȢψυὪὃ

ὗ
 τȢς 

Since the provided number of connectors needs to be an integer, found results are 

rounded up, which results in the need for a back-calculation to determine the exact 

degree of composite action of each specimen. Thus, Equation 4.3, a modified version 

of Equation 4.1, is derived and used in back-calculation of the degree of composite 

actions given in Table 4.5. 

ὄὥὧὯ ὅὥὰὧόὰὥὸὩὨ ὅέάὴέίὭὸὩ ὙὥὸὭέ
ΠέὪ ὙέόὲὨὩὨόὴ ὅέὲὲὩὧὸέὶίὗz

ÍÉÎὃὊȟπȢψυὪὃ
 τȢσ 

The beam specimens were designed according to the calculated number of 

connectors per half span. While designing the specimens, the determination of the 

connector locations was the key issue. Considering the test setup, which is covered 

in Section 4.2, support locations were specified to be 200 mm shifted through the 

steel beam. In other words, considering two supports at the ends, the free span of the 

beams was shortened to 5600 mm. Stiffeners with a height of more than three-

quarters of the beam depth were added to the locations which meet the supports on 

the steel beam to prevent the local crippling phenomenon stated in AISC (2016). In 

addition, the minimum distance between the connectors was taken as 300 mm, as 

stated in AISC (2016). The technical drawings of specimens are given in Figure 4.6. 

1 L75-100-10-NT-E 100 180.93 5381 299.69 28.70 96000 8.91 9 18 100.98

2 L75-50-10-NT-E 50 180.93 5381 299.69 28.70 96000 4.46 5 10 56.10

3 L75-25-10-2T-E 25 180.93 5381 299.69 28.70 96000 2.23 3 6 33.66

4 L100-25-8-NT-I 25 158.14 5381 299.69 28.70 96000 2.55 3 6 29.42
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Figure 4.6: Technical drawings of specimens 

4.3 Test Results 

A total of four beam specimens, explained in Table 4.1, were tested under single-

point loading. The conducted experiments had two main phases. In the first phase, 

specimens were cyclically loaded, consisting of four cycles to specified limits, i.e., 

25 kN, 50 kN, and 75 kN, in the elastic range. In other words, 25 kN, 50 kN, and 75 

kN loads were chosen as the elastic load limits, and specimens were loaded and 

unloaded four times to each limit. In the second phase, specimens were loaded to 

failure. 

While conducting the experiments on specimen 2, twist of the concrete deck was 

observed, as shown in Figure 4.7. To prevent the differential deflection, the rotation 

prevention system, shown in Figure 4.2b, was developed, and experiments were 

conducted using that system. Therefore, the main loading of specimen 2 was 

completed in more than one stage, similar to cyclic loading. 

 




























































































