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Abstract. A novel demountable shear connector for precast steel-concrete composite bridges 7 

is presented. The connector uses high-strength steel bolts, which are fastened to the top flange 8 

of the steel beam with the aid of a special locking nut configuration that prevents slip of bolts 9 

within their holes. Moreover, the connector promotes accelerated construction and overcomes 10 

typical construction tolerances issues of precast structures. Most importantly, the connector 11 

allows bridge disassembly, and therefore, can address different bridge deterioration scenarios 12 

with minimum disturbance to traffic flow, i.e. (i) precast deck panels can be rapidly uplifted 13 

and replaced; (ii) connectors can be rapidly removed and replaced; and (iii) steel beams can 14 

be replaced, while precast decks and shear connectors can be reused. A series of push-out 15 

tests are conducted to assess the behavior of the connector and quantify the effect of 16 

important parameters. The experimental results show shear resistance, stiffness, and slip 17 

capacity significantly higher than those of welded shear studs along with superior stiffness 18 

and strength against slab uplift. Identical tests reveal negligible scatter in the shear load – slip 19 

displacement behavior. A design equation is proposed to predict the shear resistance with 20 

absolute error less than 8%. 21 

 22 
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Introduction 23 

During the last two decades, rapid deterioration of bridges has become a major issue due to 24 

various reasons including increase in traffic flow, increase in the allowable weight of vehicles 25 

compared to those considered in the initial design, harsh environmental conditions, use of de-26 

icing salts especially in countries with cold climates, poor quality of construction materials, 27 

and limited maintenance. Many bridges in Europe suffer from the aforementioned factors 28 

(PANTURA 2011), while the same is true for the USA where one third of the 607,380 29 

bridges are in need of maintenance (ASCE 2014). Bridge maintenance ensures serviceability 30 

along with safety for users and typically involves inspection, repair, strengthening or 31 

replacement of the whole or part of a bridge. Such operations result in direct economic losses 32 

(e.g. material and labor costs) as well as in indirect socio-economic losses due to disruption 33 

of traffic flow such as travel delays, longer travel distances, insufficient move of goods, and 34 

business interruption. Depending on the type of bridge and scale of the maintenance 35 

operations, indirect losses might be several times higher than direct losses and constitute one 36 

of the major challenges for bridge owners, decision makers, and bridge engineers 37 

(PANTURA 2011). Thus, sustainable methods for bridge repair, strengthening or 38 

replacement that minimize direct costs and traffic flow disturbance are urgently needed.  39 

Bridge decks typically deteriorate faster than other bridge components, e.g. the decks of 33% 40 

of the bridges in America are in the need of repair or replacement after an average service life 41 

of 40 years (ASCE 2014). It is important to note that deck replacement is the typical 42 

maintenance decision as repair methods such as deck overlay are not sufficient for long 43 

extension of the bridge lifespan (Deng et al. 2016). In the case of steel-concrete composite 44 

bridges, removing and replacing their deteriorating deck is a challenging process due to the 45 

connection among the deck and the steel beams. Such connection is traditionally achieved 46 

with the aid of shear studs, which are welded on the top flange of the steel beams and are 47 
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fully embedded within the concrete deck. Therefore, removing the deck involves drilling and 48 

crushing the concrete around the shear studs and then breaking the deck into manageable 49 

sections (Tadros and Baishya 1998). Such processes are costly and time-consuming, and 50 

involve the use of hazardous equipment. Other bridge deterioration mechanisms include 51 

fatigue or corrosion in the steel beam or in the shear studs. Repair in these cases is again 52 

challenging and often questionable in terms of the post-repair structural integrity, while 53 

replacement of a deteriorating steel beam or shear stud is costly and time consuming due to 54 

the aforementioned monolithic connection between the steel beam, shear connectors, and 55 

concrete deck. 56 

Apart from repairing or strengthening existing bridges, bridge engineers should adopt 57 

reparability and easy maintenance as major goals for new bridge design projects. This can be 58 

achieved not only by designing bridges based on a life-cycle cost approach that will assess 59 

repair costs and losses during their lifespan but also by changing the paradigm in structural 60 

detailing so that bridge structural systems have the inherent potential to be easily repaired, 61 

strengthened or replaced. A possible way to meet this challenging goal is the development 62 

and design of novel bridge structural systems that allow bridge disassembly without 63 

compromising their structural integrity and efficiency. Rapid bridge disassembly will offer 64 

the unique advantage of easy replacement of deteriorating structural components, and 65 

therefore, will result in extension of bridge lifespan with minimum cost and traffic 66 

disturbance. In the case of steel-concrete composite bridges, bridge disassembly calls for a 67 

demountable shear connector that would allow easy separation of the deck from the steel 68 

beam without compromising composite action. The potential for bridge disassembly can be 69 

further facilitated by using precast concrete panels that are connected to each other with dry 70 

joints, such as those proposed by Hallmark (2012).  71 

 72 
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Background 73 

Few works developed demountable shear connectors for steel-concrete composite beams. 74 

Dallam (1968), Dallam and Harpster (1968), and Marshall et al. (1971) performed tests to 75 

investigate the effect of pre-tensioning on the structural performance of high-strength 76 

friction-grip bolts used as shear connectors. A series of tests were conducted on three types of 77 

post-installed bolted shear connectors by Kwon et al. (2010) and showed fatigue strength 78 

higher than that of welded studs. Kwon et al. (2011) also tested five full-scale beams using 79 

post-installed bolted shear connectors and showed the effectiveness of such strengthening 80 

strategy for non-composite bridge girders. Pavlović et al. (2013) investigated the use of bolts 81 

as shear connectors and found adequate strength but low initial stiffness, i.e. 50% of that of 82 

welded shear studs. Moynihan and Allwood (2014) conducted three composite beam tests 83 

using bolts as shear connectors and found performance similar to that of welded shear studs. 84 

Dai et al. (2015) performed a series of push-off tests using bolted connectors machined from 85 

studs and found a large slip capacity along with shear resistance equal to 84% of that of 86 

welded studs at slip displacement equal to 6 mm. Ban et al. (2015), Pathirana et al. (2015), 87 

Henderson et al. (2015a), Henderson et al. (2015b), and Pathirana et al. (2016) investigated 88 

the behavior of composite beams using blind bolts as shear connectors and found that blind 89 

bolts achieve composite action similar to welded studs. Moreover, their research findings 90 

imply that blind bolts are beneficial to the time-dependent behavior of composite beams 91 

under sustained loads. Liu et al. (2014) investigated the behavior of high-strength friction-92 

grip bolts as shear connectors for composite beams with geopolymer precast concrete slabs 93 

and identified three distinct regions in the load-slip behavior along with significant ultimate 94 

shear resistance and large slip capacity. Ataei et al. (2016) assessed the behavior of composite 95 

beams using the shear connector proposed by Liu et al. (2014). Their results showed 96 

significant initial stiffness due to pre-tensioning along with ductility higher than that of 97 
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welded shear studs.  98 

All the previous tests on friction-grip bolts as shear connectors revealed an undesirable large 99 

slip displacement due to bolts sliding inside the bolt holes when friction resistance in the steel 100 

beam-concrete slab interface was exceeded. It should be noted that the pre-standard of 101 

Eurocode 4 (BSI 1994) included friction-grip bolts as shear connectors but with major 102 

restrictions in the exploitation of their full shear resistance. In particular, the BSI (1994) pre-103 

standard allowed the summation of two horizontal shear force resisting mechanisms (i.e. 104 

friction in the steel beam-concrete slab interface and shear force resisted by the bolt only) 105 

provided that the shear force-slip displacement behavior has been verified by testing. 106 

Moreover, Johnson and Buckby (1986) discuss the use of friction-bolts as shear connectors 107 

within the framework of the BS5400-5 (BSI 1979) standard for bridges. They mention that 108 

the shear resistance of friction-bolts should be assumed equal to friction resistance only 109 

unless all the gaps among the bolt and the precast slabs are grouted after bolt tightening so 110 

that bearing of the bolt onto the precast slab will take place immediately after the initiation of 111 

slip in the friction interface.  112 

Apart from the bolt sliding issue discussed in the previous paragraph, all the previously 113 

proposed bolted shear connectors may not be suitable for precast construction due to different 114 

practical reasons. In the case of shear connectors that are pre-embedded in the concrete slab, 115 

precast construction tolerances make their alignment with the pre-drilled bolt holes on the top 116 

flange of the steel beam extremely difficult if not impossible. In the case of shear connectors 117 

that are fastened underneath the steel beam after positioning of the precast slab on the top of 118 

the steel beam, gaps in the concrete slab - steel flange interface may prevent adequate bolt 119 

fastening and cause slab cracking (Biswas 1986). Moreover, working underneath the bridge 120 

to fasten the bolts is time consuming and is generally considered as substandard unfavorable 121 

practice. It is also noted that connectors that are fully embedded within the concrete slab 122 
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allow uplift and replacement of the slab as a whole but not full disassembly of the composite 123 

beam, i.e. replacement of the shear connectors in case of damage due to fatigue or corrosion 124 

is not possible.  125 

This paper presents a novel demountable shear connector for precast steel-concrete composite 126 

bridges that overcomes all the issues mentioned in the previous two paragraphs. The 127 

connector uses high-strength steel bolts, which are fastened to the steel beam with the aid of a 128 

special locking nut configuration that prevents slip of bolts within their holes. Additional 129 

structural details promote accelerated construction and ensure that the connector overcomes 130 

typical construction tolerance issues of precast structures. The connector allows full bridge 131 

disassembly, and therefore, can address different bridge deterioration scenarios with 132 

minimum disturbance to traffic flow, i.e. (i) precast deck panels can be rapidly uplifted and 133 

replaced; (ii) connectors can be rapidly removed and replaced; and (iii) steel beams can be 134 

easily replaced, while precast decks and shear connectors can be reused. A series of push-out 135 

tests are conducted to assess the behavior of the connector and quantify the effect of 136 

important parameters. The experimental results show shear resistance, stiffness, and slip 137 

capacity higher than those of welded shear studs along with superior stiffness and strength 138 

against slab uplift. Identical tests reveal negligible scatter in the shear load – slip 139 

displacement behavior. A design equation is proposed to predict the shear resistance with 140 

absolute error less than 8%. 141 

Novel Demountable Shear Connector 142 

The proposed locking nut shear connector (LNSC) is one of the two demountable shear 143 

connectors invented by Suwaed et al. (2016). Fig. 1 shows a steel-concrete composite bridge, 144 

which consists of precast concrete panels connected to steel beams with the aid of the LNSC. 145 

The concrete panels have several holes (pockets) to accommodate the shear connectors. Fig. 146 
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2 shows a 3D disassembly along with an inside 3D view of the shear connector where all its 147 

components are indicated. Moreover, Fig. 3 shows the cross-section of a steel-concrete 148 

composite beam using the shear connector. The following paragraphs describe in detail the 149 

components of the LNSC and the associated methods of fabrication and construction. 150 

The LNSC consists of a pair of high strength steel bolts (e.g. Grade 8.8 or higher) with 151 

standard diameter (e.g. M16) as shown in Fig. 3. These bolts are fastened to the top flange of 152 

the beam using a double nut configuration, which consists of a standard lower hexagonal nut 153 

(nut 1 in Fig. 3) and an upper conical nut (nut 2 in Fig. 3). The upper part of the bolt hole is a 154 

countersunk seat with chamfered sides following an angle of 60 degrees as shown in Fig. 4(c). 155 

The upper conical nut (see Figs. 4(a) and 4(b)) is a standard type nut (BSI 1970) threaded 156 

over the bolt and has geometry that follows the same 60 degrees angle so that it can perfectly 157 

fit within the countersunk seat. The upper conical nut locks within the countersunk seat, and 158 

in that way, prevents slip of the bolt within the bolt hole. Few millimetres of the total height 159 

of the upper conical nut appear above the top surface of the beam flange (see Fig. 3) to 160 

resemble the height of the collar of welded shear studs (Oehlers 1980). In that way, the LNSC 161 

increases the contact area of the bolt with the surrounding concrete, and therefore, delays 162 

concrete crushing. Moreover, five millimetres of the internal threading of the conical nut is 163 

removed as shown in Fig. 4(b). In that way, the bolt is partially hidden inside the conical nut 164 

and shear failure within its weak threaded length (as seen in other types of bolt shear 165 

connectors) is prevented. The lower standard hexagonal nut (BSI 2005c) is used along with a 166 

hardened chamfered washer (BSI 2005d) and a DTI (Direct Tension Indicator) washer (BSI 167 

2009a) as shown in Figs. 2 and 3. A proof load (e.g. 88-106 kN for an M16 bolt, which 168 

represents 70% of its ultimate capacity according to BSI (2009a)) is applied between the 169 

lower nut and the conical nut to ensure a robust locking configuration that prevents slip of the 170 

bolt within its hole. 171 
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Fig. 1  172 

Fig. 2  173 

Fig. 3  174 

Fig. 4  175 

The slab pocket is a countersunk hole with an inclination of 5 degrees following the 176 

recommendations of Vayas and Iliopoulos (2014). A typical geometry of a slab pocket, 177 

relevant to the test specimens presented later, is shown in Fig. 5(a). Inside each slab pocket 178 

there are two inverted conical precast concrete plugs (see Figs. 2 and 3) with geometry 179 

following the inclination angle of the slab pocket. A typical geometry of a plug, relevant to 180 

the test specimens presented later, is shown in Fig. 5(b). Each plug has a central circular hole 181 

with a 26 mmm diameter that accommodates an M16 bolt with 10mm clearance. The 182 

diameter of the central circular hole increases from 26 to 40 mm at the base of the plug to 183 

accommodate an M16 conical nut with 10 mm clearance as shown in Fig. 5(b). The 184 

dimensions of the plug ensure that shear forces are transmitted from the LNSC to the 185 

concrete slab without the risk of premature longitudinal shear failure and/or splitting of the 186 

concrete slab. Moreover, the diameters of the plugs are small enough compared to the 187 

diameters of the slab pocket to overcome construction tolerances issues typically encountered 188 

during precast bridge construction (Hallmark 2012). Grout is used to fill the gaps between the 189 

bolt and the hole of the plug as well as the gaps between the plugs and the slab pocket (see 190 

Figs. 2 and 3). Rapid hardening grout of ordinary strength that flows into gaps without 191 

bleeding or segregation is recommended for the LNSC. The height of the plug is 115mm (i.e. 192 

less than the 150 mm height of the slab) to allow for additional cover or waterproof grout.  193 
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Fig. 3 shows that a hardened plate washer is used to uniformly distribute the bolt thrust on the 194 

upper face of the concrete plug without inducing cracks. The plate washer has a diameter of 195 

90 mm, a central hole of 18 mm diameter, and a 10-mm thickness. Tightening of nut 3 (see 196 

Fig. 3) is carried before hardening of the grout to avoid developing internal stresses in the 197 

slab. In that way, bolt tightening does not result in cracking of the slab due to imperfections 198 

in the steel beam - concrete slab interface (Badie and Tadros 2008).  199 

It should be mentioned that different configurations of the LNSC could be adopted by using 200 

different number of bolts. For example, one bolt in one precast concrete plug within a single 201 

slab pocket can be adopted to reduce the quantity of in-situ grout or four bolts in a single plug 202 

within a single slab pocket could be adopted to increase the total shear strength, and therefore, 203 

to allow reduction of the shear connectors needed along the length of the bridge.  204 

Fig. 5 205 

Procedure for Accelerated Bridge Assembly 206 

Prefabrication of all structural components can be carried out in the shop (i.e. machining of 207 

the conical nuts, drilling of the chamfered holes, positioning of the bolts on the steel beams 208 

by fastening the double locking nut configuration, casting of precast concrete plugs, and 209 

casting of precast slabs), while the final assembly between the precast slab and the steel beam 210 

is carried out on site. Each precast concrete panel is positioned on the top of the steel beam so 211 

that each pair of bolts is approximately aligned with the center of the slab pocket. Quick 212 

hardening grout is then poured into the slab pocket up to a certain depth, and then, the plugs 213 

are placed into the slab pocket so that each plug surrounds a bolt and all gaps are filled with 214 

grout. The plugs are then secured in place by tightening nut 3 in Fig. 3. Hardening of the 215 

grout completes the construction process of the LNSC.  216 
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Procedure for Accelerated Bridge Disassembly 217 

The LNSC allows rapid disassembly and replacement of any deteriorating structural 218 

component of a precast steel-concrete composite bridge.  219 

In case of deterioration in a precast concrete panel, the lower nuts (nut 1 in Fig. 3) are 220 

removed and the precast panel along with its shear connectors can be rapidly uplifted as a 221 

whole. If there is no access underneath the bridge, the upper nuts at the top of the plugs (nut 3 222 

in Fig. 3) are removed and the precast panel can be rapidly uplifted along with its plugs by 223 

leaving the bolts in place. To achieve that easily, it is important to design the bolts so that 224 

their threaded length is not in contact with the grout.   225 

In case of deterioration in few shear connectors, the plugs along with their surrounding grout 226 

can be rapidly extracted (pulled out) and replaced as shown in Fig. 6, i.e. first the lower nuts 227 

(nut 1 in Fig. 3) are unfastened and then the plugs and their surrounding grout are removed by 228 

applying uplift forces while using the slab as support. Optionally, a thin layer of a release 229 

agent like a wax-based material can be applied on the surfaces of the slab pocket before 230 

casting the grout to allow easier removal of the plugs and their surrounding grout.  231 

In case of deterioration in the steel beam, the accelerated bridge disassembly capability 232 

allows the beams to be replaced, while the precast concrete panels and shear connectors can 233 

be reused. It is emphasized that robust dry joints among the precast concrete panels, such as 234 

those proposed by Hallmark (2012), would further enhance bridge disassembly.  235 

Fig. 6  236 

Experimental Program 237 

Test Setup and Instrumentation 238 
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Push-out tests on the LNSC were conducted using the test setup shown in Fig. 7. The 239 

specimen consists of a pair of slabs connected to a steel beam by using the LNSC. Both the 240 

specimen and the test setup follow the recommendations of Eurocode 4 (BSI 2004). A 241 

hydraulic jack with capacity of 200 tons was used to apply a vertical force on the specimen. 242 

Four linear variable displacement transducers (LVDTs) were used to measure slip between 243 

the concrete slabs and the steel beam close to the positions of the four bolts. Another pair of 244 

LVDTs were used to measure lateral displacements at the upper tip of the specimen so that 245 

any eccentricity in the loading could be detected in advance. Moreover, four LVDTs were 246 

used to measure separation (i.e. uplift displacements) of the concrete slabs from the steel 247 

beam close to the positions of the four bolts. An additional LVDT was used to monitor the 248 

jack displacement and to control the displacement rate during testing. A load cell with a 249 

capacity of 100 tons was used to measure the applied load directly under the jack. The load is 250 

transferred through a ball joint that ensures that the line of action of the load passes exactly 251 

through the centroid of the steel section without any eccentricity. This point load is uniformly 252 

distributed to the two flanges of the steel beam with the aid of two spreader beams, which are 253 

connected together by four bolts parallel to the steel section flanges. The internal loads in the 254 

bolts of the LNSC were measured with the aid of washer load cells of 200 kN capacity, which 255 

were positioned between two plate washers and then secured by a nut above each concrete 256 

plug. The push-out tests were carried out under load control of 40-60 kN/min during the 257 

initial linear shear load-slip displacement behavior phase, and then under displacement 258 

control of 0.1-0.2 mm/min during the subsequent nonlinear shear load-slip displacement 259 

behavior phase.  260 

Fig. 7 261 

  262 



12 
 

Specimens and Materials Properties  263 

The steel beam has length equal to 80 cm, a 254x254x89 UC section, and S355 steel grade. 264 

Four holes with countersunk seat upper parts (exact dimensions for the case of M16 bolts are 265 

shown in Fig. 4(c)) were drilled on the beam flanges. Four bolts (threaded at both ends) and 266 

four compatible conical nuts (exact dimensions for the case of M16 bolts are shown in Figs. 267 

4(a) and 4(b)) were fabricated. The bolts along with their conical nuts were inserted into the 268 

countersunk seat holes of the steel beam. Then, the lower nuts (nut 1 in Fig. 3) were tightened 269 

to the proof load to securely lock the bolts within the bolt holes. A DTI washer was used to 270 

confirm the proof load limit for each bolt. Fig. 8 shows the bolts and the conical nuts securely 271 

locked within the chamfered holes of the steel beam.  272 

Fig. 8  273 

The precast concrete slab has a 650*600*150 mm geometry and a central countersunk 274 

conical pocket with exact dimensions shown in Fig. 5(a). The slab pocket was treated with 275 

two layers of a release agent (Pieri® Cire LM-33) from Grace Construction Products. The 276 

slab steel reinforcement was designed according to Eurocode 4 (BSI 2004). Slabs were casted 277 

in horizontal position and then positioned over each flange of the steel beam as shown in Fig. 278 

9. Grout was poured into the slab pockets, and then, a precast plug (with exact dimensions 279 

shown in Fig. 5(b)) was placed around each bolt and gradually inserted into the slab pocket to 280 

ensure that all gaps are filled with grout without leaving any voids. 281 

Fig. 9  282 

A washer load cell was placed between two plate washers on the top surface of each plug to 283 

measure the tension load inside the bolts as shown in Fig. 10. Tightening the nut above each 284 

plug (nut 3 in Fig. 3) completed the fabrication of the LNSC specimen. All bolts had 285 



13 
 

approximately the same tension force after tightening of all nuts above the plugs to ensure 286 

symmetrical behavior of the specimen.  287 

Fig. 10  288 

Typical mix proportions used to cast concrete slabs, plugs and grout are listed in Table 1. 289 

Moreover, Table 2 lists specifications for all push-out tests (discussed in the next section) 290 

including concrete compressive and tensile strengths obtained at the same day of each push-291 

out test. The maximum size of the gravel was 10 mm. The sieve analysis (BSI 1976) for the 292 

‘fine’ sand used for the grout is provided in Table 3. It is important to use such fine sand and 293 

not an ordinary sand to avoid possible segregation of sand particles between the lower face of 294 

the plug and the upper face of the steel flange. The compressive strengths of the slabs and 295 

plugs were evaluated by using standard cubes of 100 mm length; the compressive strength of 296 

the grout by using cubes of 75 mm length; and the tensile strengths of the slabs and plugs by 297 

using standard cylinders of 100 mm diameter and 200 mm length. 298 

Nine steel coupon specimens, randomly chosen and machined from bolts, were subjected to 299 

tensile tests according to BSI (2009b). Specimen strains were measured using an axial 300 

extensometer. Average values of the properties of the steel bolts are listed in Table 4, while a 301 

typical stress-strain relationship from one coupon test is shown in Fig. 11.  302 

 303 

Table 1.  304 

 305 

Table 2.  306 

 307 
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Table 3.  308 

 309 

Table 4.  310 

Fig. 11  311 

Experimental Results 312 

Preliminary Tests 	  313 
Push-out tests were carried on 12 LNSC specimens with specifications listed in Table 2. The 314 

first six tests were preliminary and served to investigate how different design details 315 

influence the strength and ductility of the LNSC. The results of these preliminary tests led to 316 

the recommendation of the final robust structural details of the LNSC. The specimens of tests 317 

1 and 2 used very high strength grout, a double nut configuration similar to the work of 318 

Pavlović et al. (2013), and two bolts per plug. These tests showed early shear failure in the 319 

threaded part of the bolts and modest slip capacity. The specimen of test 3 used two bolts per 320 

plug and a gap between the bolt and its hole (i.e. similar to the work of Liu et al. (2014)) with 321 

an extra enlargement at the bolt base equal to 20 mm. Test 3 showed failure due to excessive 322 

slip; similarly to the failure discussed by Oehlers and Bradford (1999). The specimen of test 4 323 

was identical to that of test 3 but the gap between the bolt and its hole was filled with a 324 

cement based grout. Test 4 showed shear failure in the threaded part of the bolt. During the 325 

aforementioned four tests, a sudden and large slip occurred as a result of bolts sliding inside 326 

the bolt holes when friction resistance in the steel beam-concrete slab interface was exceeded. 327 

To this end, test 5 aimed to assess the behavior of a non-slip shear connector using a conical 328 

nut connection similar to that of the LNSC but without completely hiding the threads of the 329 

bolt inside the conical nut body as shown in Fig. 12 (refer to Fig. 8 for comparison). Finally, 330 

test 6 was conducted on a specimen representing the actual robust structural details of the 331 

LNSC. Fig. 13 compares the shear load-slip displacement behavior from tests 1 to 6 and 332 
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highlights that the novel structural details of the LNSC result in superior structural 333 

performance. In Fig. 13 (as well as in all the shear load-slip displacement curves presented in 334 

this paper), the shear load is the applied load divided by four (i.e. number of bolts), while the 335 

slip displacement is the average of the slip displacements measured close to the four bolts. 336 

The ultimate load is the maximum load in the shear load-slip displacement curve, while the 337 

slip capacity is calculated as the slip displacement corresponding to the ultimate load. It 338 

should be noted that Eurocode 4 (BSI 2004) recommends to calculate the slip capacity as the 339 

one that corresponds to the characteristic load value in the descending branch of the shear 340 

load-slip displacement curve. However, to accurately record the descending branch of a 341 

‘push-out test’, a very stiff testing rig that does not store high strain energy at the instant of 342 

ultimate load (i.e. instant of sudden failure) is required (Johnson 1967). 343 

 344 

Fig. 12.  345 

Fig. 13.  346 

 347 

Confirmation of Results with Identical Tests	  348 
Following the recommendation of Eurocode 4 (BSI 2004), the results of test 6 were 349 

confirmed by conducting two additional push-out tests with approximately the same 350 

specifications (i.e. tests 11 and 12 in Table 2). Table 5 lists the ultimate loads and slip 351 

capacities from the ‘identical’ tests 6, 11, and 12. The deviation of the ultimate load of any of 352 

the individual tests from the mean value is less than 2%, i.e. significantly below the 10% 353 

limit of Eurocode 4 (BSI 2004). Therefore, the characteristic shear resistance may be safely 354 

determined as the minimum ultimate load from the three identical tests reduced by 10% 355 

according to Eurocode 4 (BSI 2004), i.e. PRk=0.9*189.5 = 170.55 kN. Fig. 14 compares the 356 
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shear load-slip displacement behavior from the three identical push-out tests 6, 11, and 12. 357 

The results highlight that the robust structural details of the LNSC result in superior strength, 358 

superior stiffness, large slip capacity, and repeatability in the load-slip behavior. Moreover, 359 

Suwaed et al. (2016) provides a comparison among the LNSC and previously proposed 360 

demountable shear connectors, which shows that the LNSC provides the highest shear 361 

resistance. 362 

Table 5 363 

Fig. 14 364 

Comparison with Welded Studs 	  365 
The shear resistance of the LNSC from Test 6 is equal to 198.1 kN for a slab concrete 366 

strength equal to 41 MPa, bolt diameter equal to 16 mm, and bolt tensile strength equal to 367 

889 MPa. According to Eurocode 4 (BSI 2004), the shear resistance of welded shear studs is 368 

calculated as the minimum of 369 

𝑃! = 0.8  𝑓!  𝜋
𝑑!

4                                                                                                                                                                                                                                                         (1) 

and 370 

𝑃! = 0.29  𝑑! 𝑓!"𝐸!"                                                                                                                                                                                                                                      (2) 

where d is the shank diameter of the welded stud, fu the ultimate tensile strength of the steel 371 

material of the stud, fck the characteristic compressive cylinder strength of the concrete slab, 372 

and Ecm the elastic modulus of the concrete. By using in Equations (1) and (2) the concrete 373 

slab strength, stud diameter, and tensile strength of the LNSC from Test 6, the shear 374 

resistance of the corresponding welded shear stud is calculated equal to 73.02 kN from 375 

Equation (2). Therefore, the shear resistance of the LNSC is significantly higher than that of 376 
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welded studs. The reason of such higher shear resistance is that the smart structural details of 377 

the LNSC promote failure in the shank of a high tensile strength (e.g. 889 MPa) bolt without 378 

premature concrete failure, i.e. a behaviour that is impossible to be offered by welded shear 379 

studs of similar high tensile strength. It should be noted that prior research shows negligible 380 

effect in the shear resistance of welded shear studs when grout of high strength (e.g. 75 MPa) 381 

is used to fill the pockets of the precast slab (Shim et al. 2001). Most importantly, although a 382 

tensile strength of 895 MPa was used for the welded shear stud in the above calculations, 383 

Eurocode 4 does not allow the use of welded studs with tensile strength higher than 500 MPa 384 

(BSI 2004); probably because welding steel structural elements of different steel grade (i.e. 385 

shear stud and steel beam) is not possible.  386 

The slip capacity of the LNSC from test 6 is equal to 12.2 mm, i.e. two time higher than the 387 

typical 6.0 mm slip capacity of welded studs. This large slip capacity of the LNSC could be 388 

exploited to the design of long composite beams on the basis of the partial interaction theory 389 

(Johnson and May 1975). The latter designs cannot be achieved with welded shear studs due 390 

to their limited slip displacement capacity (Johnson 1981). 391 

The LNSC does not show appreciable scatter in its behaviour (see Fig. 14) compared to the 392 

scatter seen in the behavior of welded shear studs (e.g. see results in Xue et al 2008). The 393 

main reason is that the smooth flowable grout used to cover all gaps among the elements of 394 

the LNSC ensures uniform distribution of bearing stresses in the conical nut - grout, bolt 395 

shank - grout, and plug - grout interfaces. Such uniform distribution of bearing stresses 396 

cannot be ensured in the area around the collar of welded shear studs due to the existence of 397 

voids and/or the variation in local arrangement of the aggregate particles (Johnson 2004). 398 

Load – Slip Behaviour and Failure Mode	  399 
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The shear force transfer mechanism of the LNSC initiates with friction forces in the steel 400 

flange - concrete plugs interface. The concrete plugs transfer these forces to the slab through 401 

the grout in their interface. When the shear forces exceed the friction resistance in the steel 402 

flange – concrete plugs interface, slip occurs. Then apart from friction, shear forces are also 403 

transferred from the steel flange to the conical nut and the bolt shank through bearing. The 404 

conical nut and bolt shank transfer forces to their surrounding grout. Finally, these forces are 405 

transferred to the concrete plugs and then to the slab through the grout in their interface. 406 

It should be noted that concrete is significantly stronger in tri-axial compression, i.e. stresses 407 

can reach values equal to ten times the cylinder strength (Johnson 1967). Oehlers and 408 

Bradford (1995) estimate that the concrete adjacent to the collar of a welded stud can 409 

withstand 7.0 times its cylinder strength. The part of the concrete plug in front of the conical 410 

nut is under nearly tri-axial stress confinement conditions due to the pre-tensioning of nut 3 411 

in Fig. 3, and therefore, it can develop stresses much higher than its 80-100 MPa design 412 

strength. Therefore, bolts will always shear off before concrete plug fails. On the other hand, 413 

the existence of grout of ordinary strength enables the bolts to deflect by crushing the grout in 414 

the plug – bolt interface. Such bolt deflection enables the LNSC to develop its large slip 415 

capacity.  416 

The shear load-slip displacement behavior of the LNSC (see Fig. 14) consists of three 417 

regions. The first region covers slip displacements from 0.0 to 1.0 mm where the shear load 418 

reaches values up to 100 kN, i.e. approximately equal to 50% of the shear resistance, which 419 

means that the stiffness of the LNSC for M16 bolt is 100 kN/mm. Similar stiffness can be 420 

offered  by 19 mm diameter welded studs according to Eurocode 4 (BSI 2004), which shows 421 

the superior stiffness of the LNSC. Fig. 15 plots the results of test 12 for slip displacements 422 

up to 1.0 mm and shows that no slip occurs for shear loads lower than 12 kN. This initial 423 

non-slip behavior is due to friction within the steel flange– concrete plugs interface. A 424 
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friction resistance equal to 12 kN indicates a value of the friction coefficient equal to 0.5 (on 425 

the basis of the 26 kN bolt preload in test 12 (see Table 2)), which is compatible with the 426 

recommendation of BS 5400 BSI (1979) for steel-concrete interfaces. Please note that bolt 427 

preloading is carried out before grout hardening, and therefore, 100% of the bolt preload is 428 

transferred as normal force in the steel flange-concrete plug interface. It should be mentioned 429 

that when the shear load exceeds the shear resistance, no sudden slip is seen in the behaviour 430 

of the LNSC due to locking nut configuration. Moreover, as the slip displacement increases, 431 

the length of the bolts increases and their internal forces slightly increase. The latter results in 432 

gradual increase of the friction resistance.  433 

 434 

Fig. 15.  435 

 436 

The second region of Fig. 14 covers slip displacements from 1.0 to 2.5 mm where the shear 437 

load reaches values up to 130-150 kN, i.e. approximately equal to 75% of the shear 438 

resistance. In this region, gradual yielding of bolts in combined shear and bending along with 439 

crushing of the grout in front of the conical nut and the bolt shank take place. At the end of 440 

this region, the bolts form two short length regions of high plasticity (i.e. ‘plastic hinges’ due 441 

to combined shear, bending, and axial internal stresses) separated by a 30-40 mm straight 442 

part.  443 

The last region in Fig. 14 covers slip displacements from 2.5 mm to 14–15 mm, where the 444 

shear load reaches its 180-200 kN ultimate value. This region starts with the conical nut and 445 

bolt shank gradually bearing against the concrete plug. The latter action increases the 446 

concrete shear strains in the part of the plug that is in front of the conical nut. Then a concrete 447 
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shear failure plane forms and passes through the grout-plug-grout-slab interfaces; starting just 448 

above the conical nut and ending just above the steel flange (slab spalling). The 449 

aforementioned concrete shear failure shifts the bearing stresses from the locking nut to the 450 

bolt shank and finally leads to shear failure through an elliptical cross-section of the bolt 451 

shank just above the conical nut (see Fig. 16). It should be noted that deformations in the 452 

bolts of the LNSC are a combination of shear, bending, and tensile deformations. Similar 453 

behaviour was observed in welded studs where the combination was 56% bending 454 

deformations and 37% shear deformations (Pavlović et al 2013). It should be noted that 455 

higher tensile deformations in shear studs could occur at specific locations of a bridge (e.g. 456 

close to transverse bracing) due to large tensile forces (Lin et al. 2014).  This case is though 457 

explicitly addressed in Eurocode 4 (BSI 2005a), which recommends the use of additional 458 

anchorage mechanisms (e.g. steel plates welded on the top flange of the steel beam (Vayas 459 

and Iliopoulos 2014)) instead of designing the shear studs to resist such large tensile loads. 460 

Please also note that bolts subjected to combined shear and pre-tensioning do not necessarily 461 

exhibit reduction in their shear resistance. For example, Pavlović (2013) did not notice any 462 

influence on shear strength for preloading up to 100% of proof load. The latter has been also 463 

highlighted by Wallaert and Fisher (1964); where it was explained that when a bolt is torqued 464 

to a certain preload, most of the inelastic deformations develop in the threaded portion of the 465 

bolt and not in the shank, and therefore, the shear resistance is not decreased when the failure 466 

plane is within the shank. It is interesting to note that spalling of the concrete slab was minor 467 

and without any global cracking or splitting in the LNSC tests (see Fig. 17). The latter 468 

implies that in the case of the LNSC, and contrary to welded studs, there is no need for 469 

additional transverse reinforcement in the slab (BSI 2005a). 470 

Fig. 16 471 

Fig. 17 472 
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Load – Slab Uplift Behaviour	  473 

During a standard pushout test (Oehlers and Bradford 1995), slabs tend to uplift as they slide 474 

over the collar of welded studs (SCI 2016). Eurocode 4 (BSI 2004) and other researchers (e.g. 475 

Yam 1981) recommend that the slab uplift (i.e. slab separation) should be no more than 50% 476 

of the corresponding slip displacement for shear load equal to 80% of the shear resistance. 477 

Fig. 18 shows that slab separation is less than 0.1 mm at 80% of loading, i.e. only 4% of the 478 

corresponding slip displacement. Pushout tests on welded studs of the same bolt diameter 479 

showed uplift displacements equal to 9-15% of the corresponding slip displacements 480 

(Spremić et al 2013).  481 

Fig. 19 shows that the internal bolt force in the LNSC increases almost linearly with the slip 482 

displacement and finally reaches a value of 70-75 kN (i.e. 40% of the bolt tensile resistance) 483 

at the onset of failure. The angle of the line of action of this force from the vertical gradually 484 

increases as the slip displacement increases. Therefore, the internal bolt force has a vertical 485 

component that contributes to friction resistance and a horizontal component that directly 486 

contributes to shear resistance.  487 

 488 

Fig. 18 489 

 490 

Fig. 19 491 

 492 

	  493 

Design Equation	  494 
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Eurocode 4 recommends that the shear resistance of a connector failing due to steel fracture 495 

can be calculated by using Equation (1). In the case of the LNSC, Equation (1) should be 496 

modified to account for the effect of friction in the steel flange –  concrete plug interface, the 497 

effect of the inclination of the deflected shape of the bolts (similarly to the work of  Chen et 498 

al (2014)), as well as the effect of shear failure through an elliptical cross-section of the bolt 499 

shank, i.e.   500 

𝑃 = 0.8𝑓!
𝜋𝑑!

4 cos𝛽 + 𝑇 sin𝛽 + 𝜇  cos𝛽                                                                                                                             (3) 

where β is the angle of the deflected shape of the bolt from the vertical at the level of the 501 

shear failure plane, µ is the coefficient of friction between concrete and steel, and T is the 502 

tensile force in the bolts at the onset of failure. T was found equal to 40% of the bolt tensile 503 

resistance at the onset of failure (see Fig. 19), and therefore after substitution and 504 

rearrangement, Equation (3) becomes 505 

𝑃   =
𝜋𝑑!𝑓!  
4

0.8
𝑐𝑜𝑠 𝛽 + 0.4 𝑠𝑖𝑛 𝛽 + 𝜇   𝑐𝑜𝑠 𝛽                                                                                                             (4) 

For tests 11 and 12, fu is equal to 889 MPa from Table 4; d is equal to 16 mm from Table 2; µ 506 

is equal to 0.5; and β is equal to 12.1o from Fig. 16 and Table 6. Substitution of these values 507 

in Equation (4) results in shear resistance equal to 196.2 kN, which is equal to the average 508 

shear resistance from pushout tests 6, 11, 12 in Table 5. It is interesting to note that by 509 

substituting µ = 0.5 and β = 12.1o into Eq. (4), the shear resistance of the LNSC becomes 510 

equal to 1.1 times the bolt tensile resistance. The latter value is significantly higher than the 511 

pure shear resistance of a bolt of the same diameter, i.e. 0.58 times the tensile resistance (BSI 512 

2005b). 513 
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Table 6.  514 

 515 

Experimental Parametric studies 516 

Effect	  of	  Bolt	  Diameter	  (tests	  7,	  8,	  12) 517 

	  518 
Three bolt diameters, i.e. 12, 14, and 16 mm, were used in push-out tests 7, 8, and 12 (see 519 

Table 2) to explore the validity of Equation (4). The shear load-slip displacement curves and 520 

the deflected shapes of the bolts from these tests are shown in Figs. 20 and 21, respectively. 521 

Results of these tests are listed in Tables 7 and 8 and show that all connectors have large slip 522 

capacity (i.e. larger than the 6 mm limit of Eurocode 4 (BSI 2004)). Moreover, the values of 523 

the 7th column in Table 7 confirm that the LNSC shear resistance can be approximately 524 

obtained as 1.1 times the bolt tensile resistance. 525 

Substituting appropriate values for the M14 bolt into Equation (4) results in shear resistance 526 

equal to 149.2 kN, which is only 4% lower than the corresponding value in Table 7. Similarly, 527 

Equation (4) provides a shear resistance equal to 107.6 kN for the M12 bolt, which is only 528 

8% higher than the corresponding value in Table 7. The above results show that Equation (4) 529 

reliably predicts the resistance of the LNSC for three different bolt diameters. 530 

Fig. 22 shows the effect of bolt diameter on slab uplift displacement where the vertical axis 531 

represents the ratio of the applied load to the shear resistance, while the horizontal axis 532 

represents the ratio of the uplift displacement to the slip capacity. It is interesting to note that 533 

no uplift occurs for loads up to 60-70% of the shear resistance. Furthermore, at the onset of 534 

failure, the uplift displacements are equal to only 3%, 4%, and 5% of the corresponding slip 535 

displacements for M16, M14, and M12 bolts, respectively.  536 

 537 
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Table 7.  538 

 539 

Table 8.  540 

Fig. 20.  541 

 542 

Fig. 21.  543 

 544 

Fig. 22.  545 

 546 

Effect of Plug Concrete Strength (tests 9, 10, 11, and 12) 547 
 548 

Push-out tests 10, 11, and 12 (see Table 2) investigated the effect of plug concrete strength 549 

(i.e. 50, 91, 96 MPa) on the LNSC behavior. Test 9 used plugs of 80 MPa concrete strength 550 

but failed due to accidental loss of bolt pretension. Therefore, its results are not presented. 551 

The results of tests 10, 11, and 12 are presented in Table 9 and in Figs. 23 to 27.  552 

Table 9 shows that changing the plug concrete compressive strength from C96 to C50 results 553 

in modest changes in the shear resistance (9% decrease) and slip capacity (5% increase) of 554 

the LNSC. These results further confirm that, unlike conventional studs which have several 555 

modes of failure (BSI 1994), the LNSC has only one failure mode, i.e. shear failure of bolts 556 

just above the locking nuts. 557 

Table 10 and Fig. 23 provide a comparison among the predictions for the shear resistance of 558 

the LNSC from Equation (4) and the corresponding experimental values. It is shown that 559 
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Equation (4) provides good estimations with a maximum absolute error less than 8%. 560 

Equation (4) predicts the shear resistance of the LNSC, which was obtained on the basis of 561 

standard push-out tests and specimen dimensions according to EC4 (BSI 2005a), for plug 562 

concrete strength between 50-100 MPa; bolts with steel strength of 889 MPa and diameter 563 

from 12 to 16 mm; grout compressive strength from 25 to 45 MPa; a full proof load (88 – 106 564 

kN) between nuts 1 and 2 (see Fig. 4); and an initial internal bolt force equal to 25 kN.  565 

Table 9.  566 

 567 

Table 10.  568 

Fig. 23 569 

 570 

Fig. 24 571 

 572 

Fig. 25 573 

 574 

Fig. 26 575 

 576 

Fig. 27  577 

 578 
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Fig. 24 shows the effect of plug concrete strength on the shear load – slip displacement 579 

behavior. The plug concrete strength has no effect for loads up to 32% of the shear resistance; 580 

similarly to welded studs (Oehlers and Coughlan 1986). An increase of the plug concrete 581 

strength from C50 to C96 increases the stiffness from 78 kN/mm to 106 kN/mm at shear load 582 

equal to 50% of the shear resistance. Fig. 25 shows the bottom face of the slabs after failure 583 

of the specimens of push-out tests 10 and 11. Negligible differences can be noticed between 584 

the C50 and C96 plug concrete strength specimens. Moreover, Fig. 25 shows that spalling 585 

extends only within a 20 mm circular pattern inside the slabs. 586 

Fig. 26 shows that as the plug concrete strength increases, less slab uplift displacement 587 

occurs. A 92% increase in plug concrete strength results in 33% reduction in uplift 588 

displacement at the onset of failure. Fig. 26 also highlights that slab separation starts for loads 589 

higher than 50% of the shear resistance and has a maximum value that is less than 0.5 mm at 590 

the onset of failure. These results further confirm that the LNSC has superior stiffness and 591 

strength against slab uplift. 592 

Fig. 27 shows the deflected shape of bolts after failure of the specimens of push-out tests 10, 593 

11, and 12. All bolts have similar deflected shapes; an observation that further indicates that 594 

plug concrete strength has little effect on the LNSC behavior. 595 

Summary	  and	  Conclusions	  596 

A novel demountable locking nut shear connector (LNSC) for precast steel-concrete 597 

composite bridges has been presented. The LNSC uses high-strength steel bolts, which are 598 

fastened to the top flange of the steel beam using a locking nut configuration that prevents 599 

slip of bolts inside their holes. Moreover, the locking nut configuration resembles in 600 

geometry the collar of welded shear studs and prevents local failure within the threaded part 601 
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of the bolts to achieve higher shear resistance and ductility. The bolts are surrounded by 602 

conical precast high-strength concrete plugs, which have dimensions so that they can easily 603 

fit within the precast slab pockets. Grout is used to fill all the gaps between the bolts, the 604 

precast plugs, and the precast slab pockets, while tightening of a nut at the top of the LNSC 605 

secures the plugs in place before grout hardening. Six preliminary push-out tests were 606 

conducted to fully illustrate why the novel structural details of the LNSC result in superior 607 

shear load-slip displacement behavior. Six additional push-out tests served to assess the 608 

repeatability in the LNSC behavior as well as to quantify the effects of the bolt diameter and 609 

the concrete plug strength. A simple design equation to predict the shear resistance of the 610 

LNSC was proposed. Based on the results presented in the paper, the following conclusions 611 

are drawn: 612 

• The LNSC allows rapid bridge disassembly and easy replacement of any deteriorating 613 

structural component (i.e. precast deck panel, shear connector, steel beam). Therefore, the 614 

use of the LNSC in practice can result in significant reduction of the life cycle direct and 615 

indirect socio-economic costs related to maintenance, repair, or replacement of precast 616 

steel-concrete composite bridges.  617 

• The LNSC promotes accelerated bridge construction by taking full advantage of pre-618 

fabrication. In particular, fabrication of all structural components is carried out in the shop 619 

and only the final assembly between the precast slab and the steel beam is carried out on 620 

site. Moreover, the latter does not involve working underneath the bridge deck. 621 

• The LNSC has very high shear resistance and stiffness, and therefore, leads to reduction of 622 

the required number of shear connectors and slab pockets in comparison to welded studs 623 

or previously proposed bolted shear connectors. The characteristic shear resistance and 624 

stiffness of the LNSC for an M16 bolt were found equal to 170.5 kN and 100 kN/mm, 625 

respectively. 626 
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• The LNSC has very large slip capacity, i.e. up to 14.0 mm.  627 

• The LNSC has superior stiffness and strength against slab uplift in comparison to welded 628 

studs, e.g. the uplift displacement is less than 4% of the corresponding slip displacement at 629 

shear load equal to 80% of the shear resistance. 630 

• The shear load-slip displacement behavior of the LNSC shows repeatability and negligible 631 

scatter. Among three identical push-out tests, the maximum deviations of any individual 632 

test from the average were only 2% and 6% for the shear resistance and slip capacity, 633 

respectively.  634 

• Increasing the plug concrete strength from C50 to C96 was found to have negligible effect 635 

on shear resistance (9% increase) and slip capacity (5% decrease).  636 

• The proposed design equation (Equation (4) in the paper) was checked against test results 637 

of specimens with different bolt diameters and plug concrete strengths, and was found to 638 

predict the shear resistance of the LNSC with maximum absolute error less than 8%.  639 

• The shear resistance of the LNSC could be approximately considered equal to 1.1 times 640 

the bolt tensile resistance for preliminary design purposes.  641 

• More parametric push-out tests and fatigue tests should be conducted to confirm and 642 

extend the knowledge on the LNSC behaviour. Moreover, full-scale precast steel-concrete 643 

composite beam tests are needed to assess the behaviour of the LNSC within boundary 644 

conditions similar to those encountered in practice.     645 
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