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Abstract

:

Aiming at the problem that orthotropic steel bridge deck and bridge deck pavement are prone to fatigue damage, Engineered Cementitious Composites (ECC) bridge deck pavement is used to replace concrete or asphalt in flexible bridge deck pavement. In order to deeply explore the shear resistance of the short stud interface in the ECC–steel composite structure and provide theoretical support for the practical application of the project, 16 static push-out tests were completed. The effects of stud diameter, height and arrangement spacing on the shear capacity of the medium and short ECC studs were studied. The failure modes, load–slip curves, load–strain curves and interface gap width curves of the components were analyzed. The test results showed that the shear force of the medium and short ECC bolts mainly produces two failure modes, bolt shearing and bolt root weld shearing, while the ECC plate has a local crushing area at the interface bolt root position, and no large cracks occur in other areas. The shear capacity of short bolts is significantly affected by the diameter of the bolts, but is less affected by the height and spacing of the bolts, and increases with the diameter of the short bolts. The length of the stud has an important influence on the stress on the surface of the ECC board. The longer the stud, the greater the tensile stress on the ECC surface. The shorter the peg, the more prone to eccentric compression the ECC plate is, and the longer the peg, the more prone to axial compression it is.
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1. Introduction


The orthotropic steel bridge deck has become one of the forms used in large- and medium-span steel bridges around the world due to its advantages of being lightweight, its large spanning capacity and its comfortable driving performance [1,2,3]. The orthotropic steel bridge deck pavement is very different from general pavement. The wheel load stress on the steel bridge deck pavement’s structure is more concentrated; moreover, it is different from the fixed mode of the pavement superstructure under compression and the lower structure under tension. Due to the influence of transverse ribs, longitudinal ribs, etc., under the action of vehicle loads, load effects such as negative bending moment, interface shear stress and interface slip will appear at the corresponding position of the upper part of the bridge deck pavement structure [4,5,6]. Therefore, the ability of a cement-based bridge deck to resist bending deformation or bending tensile stress is extremely important. Engineered Cementitious Composites (ECC) are a new type of polyvinyl alcohol, fiber-reinforced, cementitious composite with high ductility, high toughness and good crack control performance [7,8,9,10]. It was originally proposed by Professor Victor. C. Li of the University of Michigan in 1992 [11]. About 50% of the cement can be replaced by mining wastes such as coal gangue powder and silica fume, which strengthens the key mechanical performance indicators of concrete materials and is conducive to energy saving and ecological environment protection [11,12]. In addition, ECC materials have good ductility and self-healing ability. Under an external load, the structure is always in the elastic stage within the stress bearing-range of ECC and can gradually recover to its original state after the external load is removed, while the ECC concrete layer directly bears the vehicle load and plays the role of dispersing it and preventing seepage. It is therefore beneficial to solve the problems of the steel bridge panel pavement structure cracking and the corrosion of steel bridge panel [13,14]. The steel–concrete composite structure makes full use of the tensile properties of steel and the compressive properties of concrete, has excellent mechanical properties and has been widely used in bridge construction [15,16,17]. Because of its super ductility and good deformation performance, ECC is applied to steel bridge decks to form a steel–ECC composite structure. Under the condition of equal absolute stress values, the fatigue life of ECC far exceeds that of ordinary concrete, which can effectively improve the fatigue resistance of orthotropic steel bridge decks [18,19,20,21]. Studs are used as shear connectors to connect the steel bridge deck and ECC bridge deck pavement as a whole to ensure that the steel and concrete work together, and it is necessary to study it.



Engineering examples show that the application of ECC to the pavement of steel bridge decks will achieve a fatigue life of ordinary concrete with a thinner thickness [22]. In order to match the thinner pavement, short studs are needed as shear members to participate in the interface shear resistance. In the 1950s, Viest and Thurlimann systematically studied the shear performance of stud connectors by using push-out experiments and proposed an empirical formula for the critical bearing capacity of studs [23,24]. The length-to-diameter ratio is above four. In 2004, the Mihara Ohashi Bridge in Hokkaido, Japan, successfully applied 40 mm-thick ECC to replace half of the pavement layer [25]. Since the ECC layer is thin and has superior performance, studs with a length-to-diameter ratio of less than four are used as shear elements. The team of Shao Xudong studied the shear performance of short studs in ultra-high-performance concrete (UHPC) and proposed a practical empirical formula, as well as a formula for calculating the shear capacity of the medium and short stud load–slip full curves of UHPC [26]. However, this study was only for UHPC materials and has not made a certain interpretation of the influence of various parameter variables of the peg. With the continuous development and application of ECC materials, it is necessary to further study the shear resistance of medium and short ECC studs.



This work mainly studies the shear performance of studs in the steel–ECC composite structure. Through 16 push-out test members, the influence of three variables of stud diameter, length, and arrangement spacing on the bearing capacity of the members is studied. Through the load-relative slip curve, the influence of the stress and deformation characteristics of the stud on the bearing capacity and deformation of the composite structure is studied. At the same time, the ductility of ECC is further analyzed by the failure mode and load-crack width curve of the steel–ECC composite structure. In the test, strain gauges were also attached to the ECC surface, the steel bar surface, the steel plate surface, and the tension part of the stud to study the local deformation characteristics of the steel–ECC composite structure under load and the mechanical properties of each material combination.




2. Materials and Methods


2.1. Specimen Design


In this work, three variables of stud height, stud diameter and stud spacing were tested, and a total of 16 specimens were produced by orthogonal test design, with the specimen dimensions shown in Figure 1. H-beam with material Q345 and model HW200 × 200 was used as the main steel structure; 8 pegs of material were Q235 welded on both sides of the H-beam; the heights were 28 mm and 35 mm, and the diameters were 13 mm, 16 mm, 19 mm and 22 mm; and the peg was cut to shorten; HRB400 steel bars with a diameter of d = 10 mm were used for vertical and horizontal reinforcement of the concrete deck; the ECC layer thickness was 50 mm. The construction size and grouping of the specimens are shown in Table 1.




2.2. Material Properties


ECC concrete was prepared and poured on-site, and its main materials included cement, quartz sand, silica fume, coal gangue powder, PVA fiber and polycarboxylate water reducer. The volume content of the fiber was 2.5%. The basic properties of ECC concrete materials are shown in Table 2. The material properties of the PVA fiber are shown in Table 3, and the basic properties of the steel used in the test pieces are shown in Table 4. The material properties of ECC concrete were tested by 300T universal mechanical testing machine, and the compressive strength and bending strength of concrete were tested by displacement loading, in which the displacement loading rate was 1 mm/min for testing the compressive strength and 0.5 mm/min for testing the bending strength. Concrete tensile strength was obtained by uniaxial tensile test with a displacement loading rate of 0.3 mm/min.




2.3. Test Loading


The test uses a 500T “microcomputer-controlled electro-hydraulic servo long-column press” for loading, and the experimental device is shown in Figure 2. First, the specimen was placed on the press bench, and a small amount of fine sand was pad down at the bottom of the specimen to ensure the smooth loading of the specimen and reduce the friction between the lower surface of the concrete and the bearing surface. Then, the steel pads were placed in turn, and the pressure sensor and spherical hinge support were placed above the specimen. Before the test was formally loaded, 40% of the expected shear bearing capacity was used as the preload for preloading. In the initial stage of the test, the displacement loading at the rate of 0.5 mm/min was adopted, and the displacement loading at the rate of 0.2 mm/min was used when the load–displacement curve was observed to be linear. During the loading process, the surface cracks of the specimen were observed and recorded.



As in Figure 3, to measure the load–slip curve of the push-out specimen, displacement gauges were arranged on the left and right sides of the specimen to record the relative slip of the steel–ECC interface of the specimen under load. Meanwhile, three rows of strain gauges were arranged on the inner side of the H-beam to measure the interfacial stress distribution of steel members; three steel bar strain gauges were arranged on each longitudinal steel bar to measure the stress distribution of the longitudinal bars; and one concrete strain gauge was arranged on the concrete surface at the corresponding position of the stud. A 10,000 μm strain gauge was attached to the root of each peg, fixed with epoxy resin and protected with electrical tape. The arrangement of the strain gauge is shown in Figure 4.





3. Results and Discussions


3.1. Test Procedure and Phenomenon


Under the loading of the test device, the top section of the H-beam is stressed, and the load is transmitted to the studs welded on both sides of it. Then, the studs transfer their own force to the EEC concrete. At the initial stage of loading, the specimen did not change significantly. As the load increased, the ECC plate and the H-beam began to slip relative to each other, the strain on the tensile side of the stud continued to increase, and cracks began to appear on the concrete surface at the stud. When the load reaches 80% of the ultimate load, concrete cracks develop laterally at the stud location and simultaneously begin to propagate up and down. When the load reaches the ultimate load, a crisp sound is heard inside the specimen, indicating that the stud has been sheared. Then, the load decreases, and its relative slip velocity becomes faster. Subsequently, the ECC plate was crushed at the point where the inside of the test piece and the stud weld; the ECC plate was broken by the sheared stud, and the entire interface was peeled off by continuing to apply pressure. Finally, the ECC plate and the steel plate were completely separated.



The interface shape after the stud is sheared is shown in Figure 5, which can be divided into two failure modes: (1) the fracture surface is located at the upper end of the weld toe of the peg and the peg yields, thus the peg bar is sheared off; (2) the fracture surface is located at the root of the peg, and due to the insufficient strength of the weld, the weld is sheared off, leaving a concave surface on the steel plate when fractured. Figure 5b shows that the pins are subjected to shear stresses between the concrete slab and the steel plate and undergo bending deformation, thus crushing the concrete in the compressed area and forming a peel with the ECC slab. Due to the high ductility of ECC, there is an ECC-crushed area of about 20 mm at the root of the stud at the interface of the ECC board, and no large cracks occur in the remaining areas. The final failure form is basically stud shearing, indicating that ECC material can disperse the load transfer of studs through its high ductility, thereby improving the cooperative working performance of steel–concrete structures.




3.2. Load–Slip Relationship


Table 5 shows the main results of the test, and for the convenience of comparative study, the load–slip curves of each specimen are classified and arranged as shown in Figure 6. The interaction between the peg and the ECC layer is not a linear process, and the curve can be roughly divided into an elastic stage, an elastoplastic stage and a plastic stage. In the elastic stage, both the stud and the ECC layer are in a linear elastic state, and it is believed that the shear stiffness of the stud remains unchanged at this time; in the elastoplastic stage, the stiffness of the stud is significantly greater than that of the ECC structural layer. The ECC under the root of the stud is compressed and enters the plastic stage, so the dominant load–displacement curve presents a nonlinear change. It grows again until the stud shears and the member fails.



Figure 6a–d show that when the diameter and spacing of the pegs are constant, the bearing capacity of the member is basically proportional to the height of the pegs; when the pegs have smaller diameters (13 mm and 16 mm in diameter), the shear-bearing capacity of the specimens with different stud heights is not much different, which shows that when the length and diameter of the short stud are relatively large, it has little effect on the shear-bearing capacity of the ECC–steel plate composite member. However, when the stud diameters are 19 mm and 22 mm, and the stud spacing is constant, the shear-bearing capacity of the specimen increases obviously with the increase in the stud height. Since the longitudinal number of studs is too small to exert the influence of stud spacing, this test cannot demonstrate the effect of stud spacing on the bearing capacity. Figure 6e–h show that the ultimate bearing capacity of components with different stud diameters increases significantly as the stud diameter increases. The specimen with a stud diameter of 22 mm is stronger than the specimen with a stud diameter of 13 mm. The bearing capacity of the studs is increased by about 49% on average, and the larger the diameter of the stud, the smaller the relative slip value under the same horizontal load. When the diameter and length of the stud are constant, it can be seen from the comparison of the specimens with different diameters that the individual load–slip curves are lower than the expected level due to the fracture of the short stud weld, which shows the importance of the stud welding quality to its bearing capacity.




3.3. Load–Strain Relationship


3.3.1. Stud Load–Strain Relationship


The stress of the stud in the specimen is similar to that of the cantilever beam, so this paper mainly analyzes the load–strain relationship on the tensile side. As shown in Figure 7, when the load is loaded near the peak, the stud shows a yield trend and the strain increases exponentially. Observe the load–strain curve of the stud, which is mainly divided into two stages: elastic and plastic. Since the strain gauge is attached to the surface of the stud, the plastic working stage of the stud must begin to yield from the surface, which leads to an early start of the plastic stage of the load–strain curve and the lack of a transition section. It can be seen from Figure 7a–d that under the same diameter, the strain on the tension side of the stud is not greatly affected by the spacing and the length of the stud, which corroborates with the changes of the two parameters of the load-relative slip curve above. In addition, as shown in Figure 7e–h, when only the diameter of the stud is used as a variable, the load–strain curve of the stud changes significantly. The larger the diameter, the greater the ultimate bearing capacity of the stud, and plasticity appears later. Figure 7f shows that the strain was not collected after the test load capacity was loaded to 246 kN for the peg specimen with 22 mm diameter, 100 mm spacing and 35 mm length, which may be due to the strain gauge being crushed during the loading process.




3.3.2. Surface Load–Strain Analysis of ECC Panels


Since the ECC surface load-strain data patterns are similar for bolts of different diameters, a representative bolt diameter is selected to plot the load–strain curves for the four measured points on the ECC surface, that is, the specimen with variable bolt length and 16 mm diameter, as shown in Figure 8. Among them, points 1 and 2 are the upper measuring points; points 3 and 4 are the lower measuring points. The strain development law of the two selected components is basically similar; that is, the upper surface of the ECC is basically in tension, the lower surface is basically in compression and the upper strain value is larger than the lower strain value. It can be clearly observed in the figure that there is an obvious inflection in the curve near the ultimate bearing capacity, which indicates that after the stud reaches the yield, the load continues to increase, and the tensile strain on the ECC surface increases rapidly.



Figure 8 shows the comparison of the ECC surface load–strain curves when the studs with different heights are loaded as variables, from which we can see the effect of stud length on the ECC’s surface strain. It is clear that the 35 mm length pegs cause more tensile stress to the ECC surface than the 28 mm length pegs. Considering the influence of the length of the peg on the bias of the ECC board, the 28 mm peg is more prone to eccentric compression, so the resulting tensile strain is smaller, while the 35 mm peg is more prone to axial compression, resulting in larger tensile stress.




3.3.3. Reinforcement Load–Strain Analysis


The load–strain curve of the steel bar is shown in Figure 9, and the load–strain curve can be divided into three stages. The first stage is the linear elastic stage from loading to the ECC crushed by cracks, and the strain of the steel bar increases slowly; the second stage is when the ECC is crushed until the steel bar yields, and the steel bar strain increases rapidly with the increase in load; and the third stage is when the steel bar enters into yield until the stud is sheared. In this stage, the growth rate of the strain with the load is much greater than that of the elastic stage, and the load–strain curve of the steel bar is still close to a straight line.



Figure 9a shows that when the spacing and length of the bolts are certain, the rate of increase in the reinforcement strain slows down with the increase in the bolt diameter. The internal reinforcement of the 13 mm diameter stud member reaches the ultimate load when it is still in the elastic deformation stage, and the loss of the load-carrying capacity of the member leads to the unloading of the reinforcement. The curve is in accordance with Hooke’s law. The load–strain curves of the 16 mm and 19 mm diameter stud members are in accordance with the normal variation, and the strain of the reinforcement continues to grow after the member reaches the ultimate load-carrying capacity due to the high-ductility characteristics of the ECC’s material properties; the 22 mm diameter stud member showed a sudden decrease in strain after the load reached the ultimate load, indicating that the strain of the reinforcing steel had a large return after the peg near the reinforcing steel was cut, although the load capacity of the member was not completely lost. Figure 9b shows that when the bolt diameter is certain, the load–strain curves of the specimens with different bolt spacing and lengths are the same, in the early stage of loading, the strain of the reinforcement grows slowly, and when the test force reaches 80% of the ultimate load, the strain of the reinforcement increases sharply until the bearing capacity of the specimen is lost.




3.3.4. Steel Plate Load–Strain Analysis


In Figure 10, the load–strain curve of the steel plate shows that the steel plate is basically in the linear elastic stage without obvious turning during the whole loading process. From the load-strain curve in the figure, the steel plate is in the first layer of load transfer, and there is no complicated stress state. In the bridge structure of the concrete–steel composite deck, the steel plate is mainly designed to bear the frontal bending moment, and the force exerted by the test loading device occurs on the cross-section of the steel plate, which is far from the tendency of the steel plate to yield.





3.4. Interfacial Gap Expansion Law


During the experiment, the loading device transmits the load on the H-beam to the ECC plate through the peg, and the center point of the resultant force transmitted by the ECC plate from the peg depends on the height of the peg, which is often not in the center of the ECC plate, so the eccentric moment caused the ECC plate to separate from the H-shaped steel plate. The load-gap curve of Figure 11 is obtained by observing and measuring the width of the separation at the interface between the steel plate and the ECC plate during loading. As can be seen from Figure 11, the gap width of the ECC–plate interface increases with the increase in the load, and the gap width increases rapidly when loaded to the ultimate force, while the load gradually tends to be stable at this time. When the gap width is less than 4 mm, the gap increases slowly with the increase in the load, and all parts of the member are in the elastic stage; when the gap width is more than 5 mm, the load basically remains unchanged, but the gap width still increases, and some parts of the member have started to become damaged, which also fully reflects the high-ductility characteristics of ECC.





4. Conclusions


In this work, 16 push-out specimens were designed and fabricated, and the parameters of failure mode, load-relative slip, stud strain, ECC surface strain, steel bar strain, steel plate strain and interface gap were tested and observed. The conclusions of this work are as follows:




	(1)

	
The load–slip curves of ECC-bolt composite specimens have common characteristics, and the curves can be roughly divided into the elastic stage, elastoplastic stage and plastic stage. The short stud is used as a force-transmitting connector in the ECC plate, and the shear force between the steel plate and the ECC mainly produces two failure modes, namely, the shearing of the bolt and the shearing of the weld at the root of the stud. The ECC plate has a local crushing area at the root of the interface stud, and no large cracks are generated in the rest area, which reflects the characteristics of high ductility.




	(2)

	
The shear bearing capacity of short studs in ECC was significantly affected by the stud diameter, while it was less affected by the stud height and spacing. The larger the diameter of the stud, the greater the shear capacity, but the relative slip of the peak value decreases with the increase in the diameter, that is, the ductility of the component decreases relatively. For peg members of the same diameter, the ultimate bearing capacity is slightly larger if the spacing between the pegs is slightly smaller.




	(3)

	
The stud load–strain curve exhibits a two-segment linear relationship, and there is no transition segment. Therein, increasing the height of the pegs increases the bearing capacity and increases the ductility of the pegs.




	(4)

	
The height of the stud has an important influence on the force on the surface of the ECC board. The longer the peg, the greater the tensile stress on the ECC surface; the shorter the peg, the more inclined the ECC plate is to be compressed eccentrically; and the longer the peg, the more inclined to be compressed axially.




	(5)

	
For this work, the best load capacity of the specimen with 22 mm diameter, 100 mm spacing and 35 mm height of the bolts was found. The parameters studied in this paper are relatively few, and more parameters (such as ECC layer thickness, reinforcement arrangement and weld form) should be considered for the subsequent study on the effect of the shear performance of the pins.
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Figure 1. Dimensions and structure of the specimen (unit: mm): (a) Elevation; (b) Side view. 
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Figure 2. Static loading device: (a) Push-out specimen; (b) Specimen loading. 
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Figure 3. Schematic diagram of displacement gauge and strain gauge location: (a) Elevation view; (b) Side view. 
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Figure 4. Physical map of the position of the strain gauge. 
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Figure 5. The damage of the specimen: (a) Steel plate surface; (b) ECC surface. 
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Figure 6. Load-relative slip curve of specimen: (a) 13 mm diameter peg; (b) 16 mm diameter peg; (c) 19 mm diameter peg; (d) 22 mm diameter peg; (e) 100 mm spacing, 28 mm length studs; (f) 100 mm spacing, 35 mm length studs; (g) 150 mm spacing, 28 mm length studs; (h) 150 mm spacing, 35 mm length studs. 
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Figure 7. Stud load–strain curve: (a) 13 mm diameter peg; (b) 16 mm diameter peg; (c) 19 mm diameter pegs; (d) 22 mm diameter peg; (e) 100 mm spacing, 28 mm length studs; (f) 100 mm spacing, 35 mm length studs; (g) 150 mm spacing, 28 mm length studs; (h) 150 mm spacing, 35 mm length studs. 
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Figure 8. ECC surface load–strain curve of 16 mm stud and 100 mm spacing specimen: (a) Upper measuring points (1, 2 measuring points); (b) Lower measuring points (3, 4 measuring points). 
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Figure 9. Reinforcing bar load–strain curve: (a) 150 mm spacing, 35 mm length stud specimen; (b) 16 mm stud. 
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Figure 10. Load–strain curve of steel plate: (a) 150 mm stud spacing, 35 mm length; (b) 16 mm stud. 
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Figure 11. Steel–ECC top interface load–gap width curve: (a) 100 mm pitch, 35 mm length studs; (b) 16 mm studs. 
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Table 1. The grouping of the test specimens.






Table 1. The grouping of the test specimens.





	Symbol
	Quantity
	Diameter

ds/mm
	High

hs/mm
	Spacing

L/mm





	STUD1
	1
	13
	28
	100



	STUD2
	1
	13
	28
	150



	STUD3
	1
	13
	35
	100



	STUD4
	1
	13
	35
	150



	STUD5
	1
	16
	28
	100



	STUD6
	1
	16
	28
	150



	STUD7
	1
	16
	35
	100



	STUD8
	1
	16
	35
	150



	STUD9
	1
	19
	28
	100



	STUD10
	1
	19
	28
	150



	STUD11
	1
	19
	35
	100



	STUD12
	1
	19
	35
	150



	STUD13
	1
	22
	28
	100



	STUD14
	1
	22
	28
	150



	STUD15
	1
	22
	35
	100



	STUD16
	1
	22
	35
	150
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Table 2. Basic properties of ECC concrete.
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	Compressive Strength/MPa
	Flexural Strength/MPa
	Tensile Strength/MPa
	Elastic Modulus/GPa
	Poisson’s Ratio





	50
	23.4
	5
	34.5
	0.2
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Table 3. Characteristic parameters of fibers in ECC.
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	Fiber Type
	Length/mm
	Diameter/μm
	Elastic Modulus/GPa
	Tensile Strength/MPa
	Volume Content





	Polyvinyl alcohol fiber
	12
	14
	36
	1550
	2.5%
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Table 4. Mechanical properties of steel materials.






Table 4. Mechanical properties of steel materials.





	Type of Steel
	Elastic Modulus/GPa
	Yield Strength/MPa
	Tensile Strength/MPa
	Remark





	Q345H

section steel
	206
	372
	520
	Test value



	HRB40

steel bar
	192
	465
	576
	Test value



	13 mm pegs
	206
	300
	370
	Manufacturers provide



	16 mm pegs
	206
	300
	370
	Manufacturers provide



	19 mm pegs
	206
	300
	370
	Manufacturers provide



	22 mm pegs
	206
	300
	370
	Manufacturers provide
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Table 5. Main results of the test.
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	Symbol
	Fmax/kN
	Pu/kN
	δmax/mm
	Destruction Form





	STUD1
	335.2
	41.9
	3.7
	Pins sheared, unilateral damage



	STUD2
	331.4
	43.9
	3.4
	Pins sheared, bilateral damage



	STUD3
	329.0
	41.1
	3.61
	Pins sheared, unilateral damage



	STUD4
	342.0
	42.7
	3.32
	Pins sheared, unilateral damage



	STUD5
	327.3
	40.9
	3.1
	Pins sheared, unilateral damage



	STUD6
	327.0
	40.8
	3.1
	Pins sheared, bilateral damage



	STUD7
	353.1
	44.1
	2.4
	Pins sheared, unilateral damage



	STUD8
	333.6
	41.7
	2.8
	Pins sheared, bilateral damage



	STUD9
	386.9
	48.3
	2.4
	Weld sheared, unilateral damage



	STUD10
	376.5
	47.0
	2.51
	Pins sheared, unilateral damage



	STUD11
	401.4
	50.1
	2.2
	Weld sheared, bilateral damage



	STUD12
	360.5
	45.0
	2.7
	Pins sheared, unilateral damage



	STUD13
	520.3
	65.0
	2.22
	Weld sheared, unilateral damage



	STUD14
	381.1
	47.6
	2.1
	Pins sheared, unilateral damage



	STUD15
	562.0
	70.0
	2.0
	Weld sheared, unilateral damage



	STUD16
	411.0
	51.3
	2.43
	Pins sheared, unilateral damage







Note: Fmax is the maximum load of the test loading; Pu is the shear bearing capacity of a single short peg; δmax is the maximum slip measured by the test loading.
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