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Abstract 8 

This paper presents an experimental programme of single anchored blind-bolted concrete filled 9 

square steel tube connections under tension to understand the joint behaviour, with emphasis 10 

on combined failure mode. A total of eight full-scale specimens were fabricated and tested. 11 

Parameters including infill concrete, length and diameter of anchored blind-bolt, tube wall 12 

thickness and concrete strength were considered. The experimental programme is accompanied 13 

by bolt preload tests and a range of material tests for all the elements in the connection. 14 

Primarily, three failure modes of the connection were identified, viz., tube wall deformation, 15 

bolt fracture and combined failure. It was observed that, apart from the beneficial effect of bolt 16 

anchorage length in enhancing the connection performance, the combined failure mode may 17 

be preferred over other failure modes for higher ductility and collapse prevention. Concrete 18 

strength is identified as the primary influential factor determining the failure modes. A 19 

component model based on spring theory is developed for prediction of global force-20 

deformation behaviour of the bolted connection. Based on this analytical model, the strength 21 

and stiffness of such a complex connection can be predicted with good accuracy.  22 

Keywords: Bolted connection, concrete-filled tubes, tensile load, component model, 23 

composite joints 24 

1 Introduction 25 

The use of structural bolts for open-section beam to closed-section column connections have 26 

been popular not only due to easy fabrication that requires less skilled labour, but also due to 27 
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several advantages over the conventional welded connections. As reported in existing studies 28 

that, welded connections are not only time intensive and expensive owing to requirement of 29 

skilled workers, but also influences the structural performance due to stress concentration in 30 

the heat affected zones [1]. Currently, the construction industry is undergoing an emerging 31 

trend of use in materials like high-strength steel and high-strength concrete for higher 32 

performance and optimised sections with reduced self-weight [2, 3], and similarly, the use of 33 

high-strength structural bolts for connections have also been on the rise. The recent trend of 34 

modular buildings that are rapidly gaining popularity due to faster fabrication, reduced 35 

wastages, and improved quality, have also adopted the bolted inter-module connections due to 36 

reduced site work and demountability [4, 5]. One of the applications of high-strength structural 37 

bolts like the blind-bolt is to connect an open-section steel beam to a closed-section steel 38 

column like square hollow section (SHS), or rectangular hollow section (RHS) or circular 39 

hollow section (CHS). These steel hollow sections have their own advantages like structural 40 

efficiency and aesthetic appeal, and when they are filled with concrete, the structural 41 

performance multiplies. The prominent advantage of concrete filled steel columns is that the 42 

steel tube provides the confinement to the concrete core, and in turn the tube buckling is 43 

delayed due to presence of concrete, and thereby enhances the strength and ductility of the 44 

column [6-8]. Now, to connect these hollow steel sections, with or without infilled concrete, 45 

with open-section steel beams, the commercially available blind-bolts like the Lindapter hollo-46 

bolt [9] and Ajax Australia bolts [10] have widely been used. But these bolted connections 47 

though provide sufficient shear and tying resistances to ensure structural safety, but have 48 

displayed low moment resisting capacities [11], and are generally regarded as pinned 49 

connections. Apart from this, the bolted connections also face slippage of bolts and severe 50 

column surface deformation. Therefore, to fully utilise the advantages of blind-bolted 51 

connections and concrete-filled steel tube columns and to explore the development of a 52 
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moment-resisting bolted connection, researchers have proposed modifications in the blind-53 

bolts.  54 

The Ajax Australia blind-bolt was modified with an elongated shank and a headed nut, to be 55 

anchored into the concrete core of the concrete-filled hollow steel column, was proposed by 56 

Agheshlui et al. [12], and named as headed anchored blind-bolt (HABB). Later, Oktavianus et 57 

al. and Agheshlui et al. [13, 14] carried out further investigation on this modified Ajax bolt and 58 

observed enhanced strength and stiffness as compared to the standard blind-bolt. The other 59 

type of blind-bolt, called the hollo-bolt, manufactured by Lindapter International (UK) was 60 

modified with an extended shank length and headed circular nut, and called it extended hollo-61 

bolt (EHB) by Tizani et al. [15] and Pitrakkos et al.[16]. The EHB also displayed improved 62 

stiffness characteristics due to the mechanical anchorage into the concrete, as compared to the 63 

standard hollo-bolt. The anchored hollo-bolted connection with concrete filled steel tubular 64 

(CFST) column has also been investigated under predominant shear loading by Debnath et al. 65 

[17], and observed the enhanced concrete contribution in shear load transfer. Though both the 66 

HABB and EHB have been able to improve the connection performance in terms of strength 67 

and stiffness, their installation and load transfer mechanism is distinct. Further investigation 68 

was carried out by Tizani et al. [18, 19] using the EHB to understand its potential to be used in 69 

moment-resisting connections, and two prominent failure modes can be identified: bolt failure 70 

and steel column-face failure. The bolt component failure in tension has been investigated by 71 

Pitrakkos et al.,[16] with varying parameters like bolt embedment length, bolt grade, bolt 72 

diameter and concrete strength. Whereas, for the steel column-face component failure, 73 

experimental and numerical investigations have been carried out by Tizani et al. [19], 74 

considering varied concrete strength, self-compacting and light-weight concrete. But in an 75 

actual site condition, only bolt component failure or column-face component failure would 76 

rarely arise, rather, a combined component failure mode would be generated in the EHB 77 
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connection. The combined failure mode is referred to a failure of two or more components in 78 

the connection assembly. As far as combined failure mode is concerned, there has been 79 

numerical and analytical investigation by Debnath et al. and Cabrera et al. [20-22], and no 80 

independent experimental investigation is found. It is also to be stated that, in the existing 81 

finding [16], it was concluded that strength, stiffness and ductility is not influenced by bolt 82 

embedment length, and in the study [19] the influence of bolt embedment was not included, 83 

but the bolt embedment length could possibly influence the combined failure mode, and needs 84 

to be further investigated.  Therefore, this experimental research programme would highlight 85 

the combined failure mode and present the influence of several component strength parameters 86 

influencing the blind-bolted concrete-filled SHS connection behaviour. It is also worth 87 

mentioning that, in a purely group bolted CFST and open-beam connection, where the beam 88 

undergoing moment forces, the bolts in the first row of the connection will experience tensile 89 

forces and the remaining will experience compressive forces. At this stage it is therefore 90 

pertinent to understand the tensile behaviour of the anchored hollo-bolted connections for 91 

combined failure modes. This experimental programme is conducted to investigate the single-92 

bolted connection behaviour, with influence of concrete infill, EHB anchorage length, EHB 93 

diameter, concrete strength and steel tube thickness, and the observed failure modes and test 94 

findings are assessed here.  95 

Along with the experimental findings, the paper presents a component model for prediction of 96 

the tension behaviour of single hollo-bolted CFST connection. The component model is based 97 

on spring assembly of individual elements which will be able to predict the strength and 98 

stiffness of such complex connection systems. The component model has been validated with 99 

the experimental counterparts from this study and few other experimental and numerical results 100 

in literature.  101 

2 Experimental programme 102 
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2.1 Description of specimens  103 

For the experimental programme, full-scale specimens were designed to understand the 104 

combined failure behaviour of the hollow and concrete filled SHS bolted connections under 105 

tension loading. In this experimental series, a total of eight specimens were fabricated, out of 106 

which two specimens can be considered as the control specimens. The square hollow steel tube 107 

specimens made of S355 hot-rolled steel are adopted for this testing programme. A cross-108 

section size of 250 × 250 mm is considered with varied thickness of 6 mm and 8 mm, which is 109 

also a typical dimension in an actual site condition. To overcome the effect of end conditions, 110 

the length of all the specimens were originally of 1500 mm, which is sufficient to clamp with 111 

the strong floor and have an effective length of 845 mm, that does not influence the connection 112 

global behaviour. One hollow steel tube specimen without infill concrete was considered to 113 

understand the influence of concrete and tube face deformation under tensile load, and the 114 

remaining seven specimens were filled with concrete. For fabricating the blind-bolted 115 

connection circular hole was drilled will allowable clearance at the centre of the specimen. The 116 

geometric details of the specimens used are presented in Table 1. In this experimental 117 

programme, the influence of several parameters like infill concrete, bolt embedment length 118 

with anchorage, concrete grade, steel tube thickness and bolt diameter were considered, for 119 

which the detailed tabulation is made in Table 2. The nomenclature of the specimens is 120 

presented as 1-2-3-4-5, where the 1st element represents the series name, 2nd element refers to 121 

bolt diameter, 3rd element refers to bolt anchorage length, 4th element refers to grade of concrete 122 

mix, and the 5th element refers to steel tube thickness. For example, specimen A-M20-E90-123 

C45-T6 refers series A, having bolt diameter of 20 mm with anchorage length 90 mm, infilled 124 

with concrete grade C45 and steel tube of thickness 6 mm. For determining the bolt anchorage 125 

length, the nut length can be deducted from the bolt embedment length. As the primary 126 

objective of this programme is to understand the strength and stiffness of anchored blind-bolts 127 
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with varied parameters in the column, therefore the blind-bolts are fabricated via a rigid plate 128 

of 40 mm thickness, and thus the influence of beam end-plate thickness is not considered as 129 

observed in a typical beam-column connection. The blind-bolts were fixed with a wrench and 130 

applied with the required torque, which was checked using a handheld torque wrench, which 131 

ensured no over torque is applied to the bolts. The internal view of the steel tube specimens 132 

with bolt positioning and varied embedment lengths are presented in Fig. 1. 133 

2.2 Experimental setup and procedure  134 

The full-scale experimental investigation was carried out at the Structural Engineering 135 

Research Laboratory of The Hong Kong Polytechnic University. A 100-tons loading capacity 136 

frame, mounted on strong floor was used to conduct the tests. The specimen was rested on the 137 

strong floor and clamped in two sides with the help of 45 mm diameters strands and high-138 

strength steel clamping plates. The single blind-bolted connection to the specimen was made 139 

via a rigid plate of 230 × 230 × 40 mm, having four holes, that provisions to connect to another 140 

rigid plate of 40 mm thickness, with the help of M30 bolts of grade 10.9. This makes the “test 141 

rig” which is attached with a 50 mm diameter shaft, that runs vertically via the loading frame 142 

beam, hydraulic jack, load cell and support plates. The hollow hydraulic jack and the hollow 143 

load cell are mounted on the beam, where the previous is connected to a hand-pump to apply 144 

the load, thus making the experiment a load-controlled based setup.  As the piston in the 145 

hydraulic jack moves upward, it also simultaneously pulls the test rig, which eventually applies 146 

direct tensile pull-out force to the blind-bolted connection, and the load cell sensor detects the 147 

load-displacement and is recorded using the data-logger. It is worth mentioning that, at the 148 

beginning of every test, a preload of 10 kN was applied to check the instrumentation employed, 149 

and the original test would start after the release of this preload. Fig. 2 (a) shows the schematic 150 

2-dimensional representation of the test set up, and Fig. 2 (b) presents the 3-dimensional view 151 

of the experimental setup. The clear distance between the two clamps can be considered as the 152 
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effective length of the specimen, which is around 845 mm, which can be seen in the close-up 153 

view of the test setup as presented in Fig. 3.   154 

2.3 Instrumentation 155 

The deformation and the strain measurements at points of interest were measured with the help 156 

of linear variable differential transducers (LVDTs) and strain gauges. A total of eight LVDTs 157 

were used in the experimental investigation, where two LVDTs (L1 and L2) were mounted on 158 

the rigid plate via which the blind-bolted is connected to the specimen, which would measure 159 

the bolt head displacement, or the global connection behaviour. Two LVDTs (L3 and L4) were 160 

placed close to the connection plate (around 5 mm away from the plate) to measure the tube 161 

wall deformation, and two transducers (L5 and L6) were used to measure the deformation at 162 

the centre of the vertical walls of the column specimen. To keep check of any uplift of the 163 

specimen, two LVDTs (L7 and L8) were mounted at the centre of the clamps, which can later 164 

be used to measure the actual displacement of the connection.  Several strain gauges were 165 

attached to the specimen to understand the influence of different parameters on the hollow and 166 

concrete filled SHS column. Two strain gauges (SG1 and SG2) were fixed on the tube wall 167 

near to the connection plate (around 10 mm away from the plate) to measure the strain 168 

development in the region. Though fixing strain gauges on the tube wall near the bolt hole 169 

would be more appropriate to understand the tube wall yielding phenomenon, but as the rigid 170 

plate is bolted to the steel tube using high amount of torque, this could damage the strain gauge. 171 

Two additional strain gauges (SG3 and SG4) were fixed at around 200 mm away from the 172 

connection plate (i.e., around 315 mm away from the bolt hole centre), to observe the influence 173 

of several parameters at this location. As under the direct tensile load applied at the connection, 174 

the vertical walls of the column specimen will also be under either compressive or tensile 175 

stresses, two strain gauges (SG5 and SG6) were fixed at the centre of the vertical walls of the 176 

tube. To understand the contribution of the extended bolt shank embedded into the concrete 177 
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core, a strain gauge (SG7) was fixed immediately next to the nut attached to the bolt shank. 178 

For fixing this strain gauge, the bolt thread was flattened to a certain length, without reducing 179 

the core tensile area of the bolt. The positioning of the LVDTs and the strain gauges are 180 

presented in Fig. 4. It is worth mentioning that strain gauge was not fixed to the standard blind-181 

bolts due to insufficient length, and assuming little contribution from connections without any 182 

anchorage element. The parts of an extended blind-bolt along with the location of attached 183 

strain gauge is shown in Fig. 5.  184 

2.4 Material tests and properties   185 

In this experimental programme, material tests for the blind-bolt shank, bolt sleeves, steel tube 186 

and concrete were carried out. To determine the material properties of the SHS steel tubes, both 187 

flat and corner coupons were extracted from steel tubes of the same batch as used in the 188 

experiment. Also, for the blind-bolts, circular coupons were prepared for all the batches of 189 

bolts, having different shank length and diameters. The sets of steel flat coupons, curved 190 

coupons, and bolt circular coupons were designed as per ISO 6892-1:2019(EN) [23], and tests 191 

were conducted using the Instron 8803 servo-hydraulic system. In this experimental 192 

programme, steel tubes of 6 mm and 8 mm were used, and for blind-bolts, bolt shank length of 193 

120 mm, 150 mm, and 165 mm were used, each of them supplied from different batches. For 194 

the steel tube flat coupons and bolt circular coupons, three specimens of each type were 195 

prepared, and the average of yield strength, ultimate strength and elastic modulus is reported. 196 

Whereas, for steel tube curved coupons, two coupons were prepared for each batch of steel 197 

tube. The curved coupons were extracted from diagonally opposite corners of the square hollow 198 

steel tubes and the average yield strength, ultimate strength and elastic modulus is reported. 199 

For the steel tube coupons, a loading rate of 0.3 mm/min until 3% strain, and 0.6 mm/min from 200 

3% strain to yield strain was used, whereas, for bolt circular coupons 0.02 mm/min was adopted 201 

until 1% strain, and 0.2 mm/min loading rate was used from 1% strain to 7% strain. Beyond 202 
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the yield strain a higher loading rate was used until necking of the coupons. The setup used for 203 

the circular coupons is presented in Fig. 6, and the representative samples of the tested steel 204 

coupons are shown in Fig. 7.  As the bolt expandable sleeves forms an important part of the 205 

blind-bolt connection system, hardness test was conducted to estimate the yield strength and 206 

ultimate strength of the sleeve component. Since the expandable sleeve is hollow, its leaves 207 

were separated, and then was used to measure the strength properties with the Rockwell 208 

hardness testing machine and can be referred from Fig. 8.  209 

The stress-strain plots for the steel tube of 6 mm thickness are presented in Fig. 9 for reference. 210 

As the steel tube having 6 mm thickness was fabricated by welding two channel sections, 211 

therefore the coupons for weld regions were also prepared and investigated for the mechanical 212 

properties. The stress-strain curves for the bolt coupons are presented in Fig. 10. The measured 213 

mechanical properties for the bolt, sleeve and steel tube are presented in Table 3. The chemical 214 

composition as per the mill certificates for the blind-bolts used in this experimental programme 215 

is also presented in Table 4.  216 

Three different grades of concrete were used as infill for the hollow steel tubes, and therefore 217 

the concrete cylinders were prepared to determine the compressive strength and split tensile 218 

strength. At least three cylinders were used to determine concrete material properties, where 219 

the elastic modulus was based on the strain gauge readings that were fixed on the cylinders. 220 

The stress-strain graph of all the three grades of concrete is presented in Fig. 11, whereas the 221 

mix design and obtained material properties are presented in Table 5.  222 

     2.5. Bolt preload test 223 

As this experimental programme involves bolts with application of preload, a separate setup 224 

was also prepared to measure the preload induced in the blind-bolts and observe its relaxation 225 

over a period. Previously, experimental and numerical investigation on bolt preload relaxation 226 

for extended hollo-bolted CFST connection was conducted by Cabrera et al. [24], and observed 227 
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that most preload losses occur from 2 h for standard hollo-bolts to 24 h for extended hollo-228 

bolts. In the current experimental programme, further tests are carried out to obtain the residual 229 

preload for hollo-bolts of different grade as this can influence the connection global behaviour 230 

and, needs to be considered for conducting accurate numerical analysis. Three M20 blind-bolts 231 

of different grades and lengths was considered for this test, and the required tightening torque 232 

was applied.  To measure the applied bolt preload or the clamping force, a 220 kN capacity 233 

thru hole load cell was employed. The load cell was placed or sandwiched between the blind-234 

bolt collar and a rigid plate of 40 mm thickness, that was used to resemble same clamping 235 

thickness as in the experimental setup of tensile pull-out testing series. The load cell was 236 

connected to a data logger to record the load applied. The arrangement for the measurement of 237 

blind-bolt preload is presented in Fig. 12. After applying the bolt preload with the handheld 238 

toque wrench, the load relaxation was observed for about 70 h (approximately 3 days), which 239 

is presented in Fig. 13. As observed from Fig. 13, the preload drops sharply in the initial three 240 

hours for all the bolts and then, drops gradually until 36 h for M20 bolts of grade 10.9, and 48 241 

h for M20 bolts of grade 8.8. The preload measurement is presented in Table 6, which shows 242 

that about 76% and 91% of applied initial preload is residual preload after 48 hours of 243 

relaxation for M20 bolts of grade 8.8 and 10.9, respectively.  244 

3 General observation and failure modes 245 

The physical damages observed during the experimental programme and the failure modes of 246 

all the specimens are presented here. The specimen A-M20-E0-C0-T8 is a hollow tube, without 247 

any infill concrete, and the standard hollo-bolt was used to fabricate the connection. As the 248 

tensile load is applied to the connection, the load is transferred to the hollow tube column by 249 

the expandable sleeve bearing on the tube wall. The expandable sleeves are supported by the 250 

conical nut fitted on the bolt shank. The initial deformation of the specimen is by flexible 251 

deformation of the column face, and inward deformation of the vertical side walls. As the 252 
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loading is further applied, the expandable sleeves reach its ultimate strength and approaches 253 

towards rupture of the sleeve leaves. This rupture can also be seen progressing along the slit 254 

line of the sleeve. Therefore, the stages of failure are the tube wall face deformation, followed 255 

by bolt sleeve fracture, and no damage in the bolt shank, as presented in Fig. 14. For specimen 256 

A-M20-E0-C45-T8, the standard hollo-bolt was used to fabricate the connection, and the steel 257 

tube had concrete infill. There is a bolt embedment of 65 mm (refer Fig. 1), but as there is no 258 

headed nut attached to the shank, there is technically no anchorage element into the concrete 259 

core. Under the applied tensile forces, the flexible deformation of column face is observed, and 260 

with continued loading, the conical nut of the bolt comes out from the tube hole, along with 261 

fractured sleeve. The tube deformation around the bolt and sleeve fracture can be seen from 262 

Fig. 15 (a).  263 

The specimen A-M20-E75-C45-T8 was fabricated with an anchorage of 75 mm, the concrete 264 

filled SHS specimen is observed to have delayed tube wall deformation. The initial failure stage 265 

is concrete crushing, which is followed by tube wall deformation around the bolt hole. For 266 

safety during the experiment, it was initially decided to stop applying further load after a drop 267 

of around 20% of peak load value. Therefore, for this test specimen which involved the 268 

anchorage bolt, the load application was stopped after the load dropped to 150 kN. But soon 269 

after inspection by removal of the steel tube skin, it was found that there is no necking of bolt 270 

shank, and further loading to the connection can be applied for the following test specimens to 271 

monitor the ductile behaviour. The deformation of the connection for the specimen A-M20-272 

E75-C45-T8 can be seen in Fig. 15 (b), and the concrete crushing damage is presented in Fig. 273 

16 (a), after removal of the steel tube wall in the connection region. The specimen A-M20-274 

E90-C45-T8 had an elongated bolt anchorage length of 90 mm, at the initial stages of the 275 

experiment, there is limited deformation in the tube, but with continued loading, the tube wall 276 

deformation around the bolt hole can be observed. With further loading, the bolt sleeve appears 277 
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to have cracks, and coming out from the tube hole along with the bolt conical nut. Parts of 278 

concrete can also be seen coming out though the sleeve slit regions, which confirms the 279 

concrete crushing inside the column tube. The images of concrete crushing, tube wall 280 

deformation and bolt sleeve fracture are presented in Fig. 16 (b).  281 

To investigate the influence of concrete grade, specimens with three grades of concrete C25/30, 282 

C45/55 and C80/95 were tested. As the normal concrete grade of C45/55 is usually used in 283 

hollow steel tubes as infill concrete, this grade of concrete is considered as the standard grade. 284 

Also, as in the recent decades the use of high-strength materials has gained popularity, the use 285 

of C80/95 is also considered in this experiment to understand the influence of higher concrete 286 

grade in connection behaviour. C25/30 is another normal strength concrete used in construction 287 

and is also used as an infill to realise its influence on the global connection behaviour. The 288 

specimen A-M20-E90-C25-T8 with a reduced concrete strength of 26 MPa failed in a similar 289 

mode as that of A-M20-E90-C45-T8, where concrete crushing is followed by deformation in 290 

the steel tube around the bolt hole, and then fracture in the bolt sleeve. But due to the reduced 291 

concrete strength, the concrete crushing is severe, and the damage is evident over a larger area. 292 

As far as the bolt shank is concerned, no necking is observed. The combined failure mode of 293 

this specimen is presented in Fig. 17 (a).  For the specimen A-M20-E90-C80-T8 with a higher 294 

strength concrete of 82 MPa, the failure mode is dominated by bolt shank necking and very 295 

limited damage in the concrete and tube wall. Unlike previous specimens, there is no visible 296 

damage in the bolt sleeve, which also indicates that most of the loading was borne by bolt 297 

anchorage mechanism and thus leading to shank necking and fracture. There is also 298 

insignificant tube wall deformation around the bolt hole. The concrete surface and the failed 299 

bolt shank is presented in Fig. 17 (b) for reference.  300 

The specimen A-M20-E90-C45-T6 was tested to understand the influence of tube thickness, 301 

where tube of 6 mm was used. With reduced tube wall thickness, initially has concrete crushing 302 
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and then followed by tube wall yielding. With continued loading, the tube wall deformation is 303 

more evident, and gradual pull out of the bolt sleeve. In this test, there is no necking of bolt 304 

shank and global connection behaviour is mostly governed by concrete damage and column 305 

face deformation. The failed specimen is presented in Fig. 18 (a).  306 

To investigate the influence of bolt diameter specimen A-M16-E90-C80-T8 consisted of M16 307 

bolt, where the prominent failure mode for this specimen is necking and sudden fracture of the 308 

bolt shank. There is no visible damage in the bolt sleeve, and the deformation in the column 309 

face wall is also not prominent. It is worth mentioning that the location of the bolt shank 310 

fracture is in the region between conical nut and bolt head; and not between conical nut and 311 

the hexagonal nut embedded in the concrete core. The failure mode and the location of bolt 312 

fracture is similar to the specimen A-M20-E90-C80-T8. The image of the failed specimen is 313 

presented in Fig. 18 (b).     314 

4 Test results and discussion  315 

4.1 Load-deformation behaviour  316 

The global load-displacement behaviour of the single-bolted connections with hollow and 317 

concrete filled SHS columns are plotted by taking the average of LVDT1 and LVDT2. To 318 

better analyse the overall behaviour of the connections with due consideration to initial 319 

stiffness, strength, ductility and failure mechanism, the plots are illustrated in groups with 320 

comparable parametric changes. For the specimen A-M20-E0-C0-T8, the connection displays 321 

an elastic behaviour with an initial stiffness of 32 kN/mm and starts yielding at 43 kN. The 322 

initial stiffness is contributed by the column tube wall, and as the loading is further applied, the 323 

tube wall starts deforming where the load is transferred to the column face by sleeve bearing. 324 

The ultimate capacity of the connection is reached at around 110 kN, and then there is a gradual 325 

drop in the connection strength due to fracture in the sleeve. A significant increase in stiffness 326 
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can be observed in the specimen A-M20-E0-C45-T8 due to presence of infill concrete. As the 327 

concrete present inside the SHS column prevents the inward deformation of the vertical side 328 

walls of the tube, additional strength is developed from the corner region, which thereby 329 

enhances the strength and capacity of the connection. The connection begins to yield at around 330 

48 kN, which is close to the previous specimen A-M20-E0-C0-T8, but the initial stiffness 331 

jumped to around 90 kN/mm. Beyond 48 kN, the slope of the load-displacement curve does 332 

not run rapid, and still possess enough strength possibly due to the presence of concrete which 333 

stiffens the expanded sleeves. After a deformation of 7 mm, the tube wall starts yielding, and 334 

gradually reaches the ultimate load of 123 kN, and fails by sleeve fracture upon further loading. 335 

The comparative plot of A-M20-E0-C0-T8 and A-M20-E0-C45-T8 is presented in Fig. 19 (a), 336 

where the stiffness and strength enhancement can be visualised.  337 

The influence of headed anchored elongated bolt shank and the anchorage length are the key 338 

parameters of this investigation. For the specimen A-M20-E75-C45-T8, where an anchorage 339 

length of 75 mm was made into the concrete core, a significant improvement in the connection 340 

strength and stiffness is observed as compared to the specimen A-M20-E0-C45-T8, where no 341 

anchorage element was present. In Fig. 19 (b), it can be observed that the connection A-M20-342 

E75-C45-T8 displays a stiff behaviour, which can be ascribed to the load transfer to the 343 

concrete core by the bolt anchorage. As the loading is continued, the concrete tensile cracks 344 

start developing, and leads to crushing, as a result of which a sharp load drop is obtained in the 345 

plot. With further application of load, the forces are now transmitted to the column tube wall 346 

by bolt sleeve bearing, and thus there is again a gradual increase in load-displacement 347 

behaviour until the bolt sleeve fractures. A similar trend can be observed for A-M20-E90-C45-348 

T8, where a longer bolt anchorage of 90 mm was used, and a higher strength was achieved. 349 

Though the initial stiffness of A-M20-E75-C45-T8 and A-M20-E90-C45-T8 are very close at 350 

the beginning, but beyond 90 kN there is a slight drop in the stiffness for the specimen with 90 351 



M-15/31 

 

mm anchorage, possibly due to some air gaps present in the concrete, arising due to compaction 352 

issues. The connection capacity drops significantly after the tube wall yielding and followed 353 

by failure of the sleeves. Strength achieved by the connections A-M20-E75-C45-T8 and A-354 

M20-E90-C45-T8 are 170 kN and 185 kN, respectively, which is a significant improvement of 355 

about 38% and 50% as compared to A-M20-E0-C45-T8.  356 

The influence of infill concrete strength on the connection behaviour is presented in Fig. 19 357 

(c). The specimen A-M20-E90-C25-T8 having concrete infill of cylinder strength 26 MPa 358 

presents a reduced connection stiffness as compared to A-M20-E90-C45-T8, which can be 359 

attributed to lesser concrete tensile and compressive capacity and leading to early concrete 360 

crushing. But the stages and sequence of failure remains to be concrete crushing, followed by 361 

tube wall yielding and sleeve fracture. When a higher concrete grade was used in A-M20-E90-362 

C80-T8, there has been an increase in the connection stiffness owing to the higher elastic 363 

modulus of concrete, but the failure mode is dominated by bolt shank failure. Due to improved 364 

concrete component, the bolt shank became the weaker component, and thus little to no 365 

concrete cracking was observed, and the connection failed by shank necking and ultimately by 366 

fracture. Though this connection achieved a higher strength of 197 kN (which is very close to 367 

the bolt ultimate capacity), this failure mode cannot be regarded as a combined failure mode.      368 

The comparison for concrete filled SHS column with higher b/t ratio is presented in Fig. 19 369 

(d), where specimen A-M20-E90-C45-T6 exhibits lower connection strength, due to lesser tube 370 

wall contribution as compared to its counterpart specimen with 8 mm tube thickness. Also, the 371 

tube deformation is higher and starts to yield at the lower load of 159 kN, which is 16% less 372 

than A-M20-E90-C45-T8. It is to be noted that, the stiffness of connection A-M20-E90-C45-373 

T6 did not display much stiffness degradation as expected, as this steel tube was fabricated by 374 

welding two channel sections, and thus have weld seams on two sides of the tube, thereby 375 

enhancing the stiffness property of the connection. The influence of bolt diameter in extended 376 



M-16/31 

 

blind-bolted connection is presented in Fig. 19(e), which shows that the connection A-M16-377 

E90-C45-T8 failed by bolt fracture at a load of 144 kN, which is also close to the ultimate load 378 

capacity (142 kN) of the M16 bolt. In this connection, even with a normal concrete grade of 46 379 

MPa, the reduced bolt diameter of 16 mm forms the weakest element, and thereby leading to 380 

bolt necking and fracture.  381 

The measured connection strength, connection stiffness at 50% bolt capacity, deformation at 382 

peak load, and observed failure modes are presented in Table 7. In an actual practical site 383 

condition, the bolts would be expected to be the strongest element in the connection assembly, 384 

and therefore the stiffness is measured at 50% of bolt ultimate capacity for having an 385 

appropriate comparable feature between the specimens.  Apart from the above discussion, the 386 

beneficial effect of adding concrete in hollow tube and providing anchorage element in the 387 

concrete core also led to significant reduction in column vertical wall which was measured 388 

using LVDT6.  389 

4.2 Strain response in steel tube wall 390 

To accurately observe the deformation behaviour and the stress level in the steel SHS, several 391 

strain gauges were attached on the tube surface. The arrangement of the strain gauges was 392 

illustrated in Fig. 4. The positive strain implies tension, and the negative strain implies 393 

compression. SG1 and SG2 measured the tube strains at the location close to the connection 394 

plate, and the plots are shown in Fig. 20.  The tube strain for the concrete un-filled hollow 395 

specimen A-M20-E0-C0-T8 reached a maximum strain of -1200 µƐ, whereas for the concrete 396 

filled specimen A-M20-E0-C45-T8, the maximum strain reached almost -2000 µƐ, signifying 397 

enhanced tube wall contribution in connection strength. As the load application after load drop 398 

of 150 kN was stopped, the strain measurement for the specimen A-M20-E75-C45-T8 could 399 

not be fully realised, but for the specimen A-M20-E90-C45-T8 the tube strain could reach the 400 
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steel yield strain of -2400 µƐ signifying the full yielding of the tube wall. A similar trend can 401 

also be observed for the specimen A-M20-E90-C25-T8. But for the specimen A-M20-E90-402 

C80-T8, as most of the connection strength was contributed by bolt anchorage mechanism and 403 

carried by the bolt shank, there is very limited strain development in the steel tube, and a similar 404 

reason can be attributed for the specimen A-M16-E90-C45-T8.  405 

SG3 and SG4 are the strain gauges attached at mid-surface between the connection plate and 406 

clamping plates of the specimens. The strain measurement of these location is represented in 407 

Fig. 21.  Except the specimen A-M20-E0-C0-T8 which shows negative strain, all the other 408 

specimens display positive strain unlike the SG1 and SG2 readings. It signifies that for the 409 

concrete un-filled specimen, the part of the steel tube beyond connection region was under 410 

compressive stresses. Whereas, for the remaining concrete filled specimens, positive strain was 411 

recorded, signifying the stresses at this location have undergone tensile forces due to the 412 

underlying support of concrete.  413 

4.3 Strain development in anchored bolt 414 

To ascertain the contribution of bolt anchorage into the concrete core, the strain gauge SG7 415 

was used to record the strain generated in the bolt shank. The measured strains are shown in 416 

Fig. 22, where six out of eight specimens containing elongated shank and headed nut were 417 

considered. For the specimen A-M20-E75-C45-T8, the maximum amount of positive strain 418 

(tensile) developed at the bolt shank near the headed nut is about 2100 µƐ, whereas, for the 419 

specimen A-M20-E90-C45-T8 the strain developed is about 3200 µƐ, which signifies higher 420 

load transfer into the concrete core due to larger bolt anchorage length. In the case of A-M20-421 

E90-C25-T8, due to lower concrete strength and early concrete damage, the strain developed 422 

in the anchored bolt was limited to about 2000 µƐ. Though for the specimen A-M20-E90-C80-423 

T8, the strain generated in the bolt shank near the nut end did not reach the bolt yield strain 424 
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value, but from the previous discussion it was observed that the bolt had fractured at the 425 

location between the conical nut and bolt head. This signifies that there was more stress 426 

developed between the conical nut and bolt head, as compared to the location between conical 427 

nut and concrete embedded headed nut. The bolt strain value of about 3150 µƐ developed in 428 

the specimen A-M20-E90-C45-T6 also indicates significant contribution of anchorage element 429 

for enhanced composite action in the connection. For the specimen A-M16-E90-C45-T8, the 430 

strain developed is very close to the bolt yield strain, which confirms that bolt necking and 431 

fracture in the shank location between conical nut and bolt head. The plots in Fig. 22 also 432 

presents the strain development with respect to the concrete strain at its peak stress, signifying 433 

initiation of concrete damage for those crossing the concrete strain at peak stress limit.  434 

5 Component model development  435 

To estimate the hollo-bolted connection strength and stiffness, an analytical approach is 436 

presented based on the individual component spring model. The tensile behaviour of such a 437 

connection depends on the individual performance of the tube wall, hollo bolt shank, bolt head 438 

anchored in concrete, and the bolt expandable sleeve. The strength arising from bond between 439 

the embedded threaded shank and the adjoining concrete is ignored, as the strength 440 

enhancement is insignificant as observed by Debnath et al. [20].  In this section, the tensile 441 

behaviour of each connection component has been presented as a massless spring model, and 442 

when assembled will be able to give a fair representation of the overall connection behaviour. 443 

In the blind-bolted CFST connection, the anchorage component, embedded bolt component 444 

and the sleeve are connected end-to -end, forming a single path of load transmission, therefore 445 

these components can be arranged in series configuration. Secondly, the above arrangement is 446 

connected to the tube wall across each other, and thus can be considered a parallel 447 

configuration. Again, this entire arrangement is connected end-to-end with the free bolt, and 448 

hence, this can be considered in a series.   The connection components are shown in Fig. 23 (a) 449 
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and the assembly of spring is shown in Fig. 23 (b). The spring assembly is arranged based on 450 

experimental observations discussed in the previous sections. From current experimental 451 

observations and previously conducted numerical investigations [20], it may be simplified and 452 

stated that, at the initial stage the load is borne by the concrete anchorage, embedded bolt and 453 

the sleeve, which is then gradually transferred to tube after concrete failure, and then pulled 454 

out by the free bolt part (necking of shank). Thus, the concrete anchorage, embedded bolt and 455 

the expandable sleeve are in series, which together are arranged in parallel with tube wall, and 456 

again is in series with the free bolt. Here, the free bolt refers to the standard hollo bolt shank 457 

length, and embedded bolt is referred to the extended shank length. To combine the 458 

components as per the spring theory, the following basic equations apply: 459 

Series configuration:  460 

𝑘 = 1/ (
1

𝑘1
+

1

𝑘2
)                                                                                                                      (1)                                                                                         461 

𝐹 = 𝑚𝑖𝑛(𝐹1; 𝐹2)                                                                                                                      (2)                                                                                      462 

Parallel configuration:  463 

𝑘 = 𝑘3 + 𝑘4                                                                                                                            (3)                                                               464 

𝐹 = 𝐹3 + 𝐹4                                                                                                                            (4)                                                                                                                        465 

𝛿 = 𝑚𝑖𝑛 (𝛿3 ; 𝛿4)                                                                                                                    (5)                                                                                                                466 

5.1. Hollo bolt shank in tension component  467 

The tensile behaviour of the hollo bolt is modelled based on the bolt coupon tests and general 468 

strength and stiffness formulation. The free bolt part and embedded bolt part are modelled 469 

separately for higher accuracy of the assembled component model as shown by Oktavianus et 470 
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al. [25] for anchored Ajax bolts. The equations for yield (𝐹𝑦,𝑏) and ultimate strength (𝐹𝑢,𝑏) for 471 

the hollo bolt is presented in Eqs. (6) and (7):  472 

𝐹𝑦,𝑏 = 𝐴𝑏𝑓𝑦,𝑏                                                                                                                                         (6) 473 

𝐹𝑢,𝑏 = 𝐴𝑏𝑓𝑢,𝑏                                                                                                                              (7) 474 

where,  𝐴𝑏 is the hollo bolt tensile area, 𝑓𝑦,𝑏 and 𝑓𝑢,𝑏 are the yield and ultimate tensile strength 475 

of the hollo bolt shank material.  476 

The initial (𝐾1,𝑏) and the second stiffness (𝐾2,𝑏) of the bolt shank can be determined from the 477 

following equations:  478 

𝐾1,𝑏 =
𝐴𝑏𝐸𝑏

𝑙𝑏
                                                                                                                                   (8) 479 

𝐾2,𝑏 = 0.08𝐾1,𝑏                                                                                                                          (9)   480 

Where, 𝐸𝑏is the Young’s modulus of the bolt shank, and 𝑙𝑏 is the length of the bolt shank. For 481 

the free hollo bolt shank, 𝑙𝑏 is calculated by summation of thickness of bolt collar (𝑡𝑏𝑐), end 482 

plate (𝑡𝑒𝑝) (here rigid plate), thickness of column tube wall (𝑡𝑡𝑤) and length of the bolt conical 483 

nut (𝑙𝑐𝑛). Whereas, for embedded bolt, 𝑙𝑏 is calculated by deducting the free bolt length from 484 

the total bolt shank length (please refer Fig. 23a).               485 

5.2. Hollo bolt expandable sleeve component  486 

As the expandable sleeves transfers the force by bearing in a pull-out loading, it is therefore 487 

important to consider the influence of sleeve component. From experimental investigations in 488 

this paper and numerical simulations conducted by Debnath et al. [21] it was observed that 489 

hollo bolted connections can fail by sleeve fracture when subjected to tensile loading, and was 490 

also influenced by the infill concrete that stiffened the sleeve leaves. As presented in this paper, 491 

hardness tests were conducted for the sleeve material, and its yield and ultimate strengths were 492 
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computed. For defining the behaviour of expandable sleeve, the tri-linear idealised force-slip 493 

model by Pitrakkos et al. [26] that considers the concrete grade and bolt class is adopted here. 494 

The ultimate strength (𝐹𝑢,𝑠𝑙) is computed as per eq. (10) 495 

𝐹𝑢,𝑠𝑙 = 𝐴𝑠𝑙 𝑓𝑢,𝑠𝑙                                                                                                                          (10) 496 

Where, 𝐴𝑠𝑙 is the net sleeve area, and 𝑓𝑢,𝑠𝑙 is the ultimate strength of the sleeve material.  497 

The first yield point and second yield point are presented in Eqs. (11) and (12), respectively 498 

𝐹𝑦1,𝑠𝑙 = 𝑋. 𝐹𝑢,𝑠𝑙                                                                                                                          (11) 499 

𝐹𝑦2,𝑠𝑙 = 𝑌. 𝐹𝑢,𝑠𝑙                                                                                                                          (12) 500 

Where, 𝑋 and 𝑌 are coefficients, given as 0.25 and 0.68 respectively for M20 grade 8.8 bolts, 501 

whereas the values are 0.60 and 0.90 respectively for M16 grade 8.8 bolts.  502 

The initial stiffness is presented as a product of normalized initial stiffness of the element 503 

(𝑘𝑛𝑜𝑟𝑚) and the sleeve ultimate strength, as given in eq. (13). The secondary stiffness beyond 504 

the first yield point and stiffness beyond second yield point is given by eq. (14) and (15) 505 

respectively.  506 

𝐾1,𝑠𝑙 = 𝑘𝑛𝑜𝑟𝑚 𝐹𝑢,𝑠𝑙                                                                                                                     (13) 507 

𝐾2,𝑠𝑙 = µ𝑝 𝐾1,𝑠𝑙                                                                                                                         (14) 508 

𝐾3,𝑠𝑙 = µ𝑢 𝐾1,𝑠𝑙                                                                                                                        (15) 509 

The 𝑘𝑛𝑜𝑟𝑚 values are 1.114 𝑚𝑚−1 and 1.091 𝑚𝑚−1 for M20 bolts grade 8.8 and M16 bolts 510 

of grade 8.8, respectively. In eq. (14) and (15), µ𝑝 and µ𝑢 are the strain hardening coefficients, 511 

with values 0.298 and 0.087 respectively for M20 bolts of class 8.8, whereas 0.289 and 0.032 512 

for M16 respectively, for M16 bolts of class 8.8.  513 
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5.3. Column tube wall in tension component                     514 

To estimate the individual tensile behaviour  of column tube wall, the nominal pull-over 515 

strength of sheet per screw equation provided by the AISI S100-16 [27] is considered as a 516 

reference. The strength of the tube pull-over is stated to be a function of tube wall thickness, 517 

screw washer thickness, washer diameter, hole diameter and tube ultimate strength with a 518 

multiplier co-efficient of 1.5, along with other boundary conditions. As for hollo-bolted 519 

connections, the bolt holes are significantly large (about 1.75 times the bolt diameter), a 520 

modified co-efficient value of 0.7 is found to be appropriate for the current study. Also, for 521 

hollo bolted connection, as the tube bearing is by expandable sleeve and not washer, therefore 522 

an approximation of 2 times the bolt diameter is assumed as equivalent to washer diameter. 523 

Thus, the modified equation for ultimate tensile strength (𝐹𝑢,𝑡𝑤) of the column wall is given by 524 

eq. (16): 525 

𝐹𝑢,𝑡𝑤 = 0.7 𝑓𝑢,𝑡𝑤 2𝑑𝑏 𝑡𝑡𝑤                                                                                                          (16) 526 

Where,  𝑓𝑢,𝑡𝑤 is the ultimate tensile strength of the steel tube material, 𝑑𝑏 is the bolt diameter, 527 

and  𝑡𝑡𝑤 is the tube wall thickness.  528 

As observed by [13] for tests of headed anchored Ajax bolts, the stress concentration around 529 

the bolt hole will lead to local yielding ahead of the overall tube yielding, therefore two yield 530 

points are provided. As in the current study, the hollo bolted connections were fabricated with 531 

upper limit of bolt hole (35 mm diameter hole for 32.75 mm sleeve diameter), the first yield 532 

point (𝐹𝑦1,𝑡𝑤) is given by modified eq. (17), and second yield point (𝐹𝑦2,𝑡𝑤) of the tube wall is 533 

presented in eq. (18):   534 

𝐹𝑦1,𝑡𝑤 = 0.4 𝐹𝑢,𝑡𝑤                                                                                                                       (17) 535 

𝐹𝑦2,𝑡𝑤 =
𝑓𝑦,𝑡𝑤

𝑓𝑢,𝑡𝑤
 𝐹𝑢,𝑡𝑤                                                                                                                    (18) 536 
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Where, 𝑓𝑦,𝑡𝑤 is the steel tube material yield strength.  537 

For obtaining the stiffness of the tube wall, the equations proposed by Liu et al. [28] for steel 538 

channel face, Málaga-Chuquitaype et al. [29] for column face component, and Oktavianus et 539 

al. [25] for column tube wall with bolted connection is taken as reference, and a modified 540 

equation for square column sections having hollo-bolted connection is presented. The proposed 541 

equation has also been calibrated to capture the stiffness of the column tube wall arising from 542 

infill concrete and is presented in eq. (19). For hollow tube without concrete infill, the stiffness 543 

was significantly reduced by almost three times, and the modified eq. (20) is used to predict 544 

initial stiffness for tube without concrete.    545 

𝐾1,𝑡𝑤 =
𝜋𝐸𝑡𝑤𝑡𝑡𝑤

2

4(1−𝜐2).𝐵
(

2𝑑𝑏

𝑑ℎ𝑜𝑙𝑒
)

12
                                                                                                           (19) 546 

𝐾1,𝑡𝑤 =
𝜋𝐸𝑡𝑤𝑡𝑡𝑤

2

12(1−𝜐2).𝐵
(

2𝑑𝑏

𝑑ℎ𝑜𝑙𝑒
)

12
                                                                                                       (20)                                                                                                              547 

Where, 𝐾1,𝑡𝑤 is the initial tube wall stiffness,  𝐸𝑡𝑤 is the elastic modulus of tube wall, 𝜐 is the 548 

steel Poisson’s ratio, 𝐵 is the column width, and 𝑑ℎ𝑜𝑙𝑒 is the bolt hole diameter.  549 

The values for secondary stiffness of the tube wall can be represented as a percentage of initial 550 

stiffness as also previously shown by Málaga-Chuquitaype et al. [29]. Similarly, in this paper 551 

the stiffness (𝐾2,𝑡𝑤) beyond the first yield point is given as 40% of the initial stiffness, and the 552 

stiffness (𝐾3,𝑡𝑤) beyond second yield point is given as 10% of the initial stiffness, as presented 553 

in eq. (21) and (22). It is observed that the selected percentage values give a good representation 554 

of the infill concrete and corner curvature of the square columns used in this testing programme.   555 

𝐾2,𝑡𝑤 = 0.4 𝐾1,𝑡𝑤                                                                                                                          (21) 556 

𝐾3,𝑡𝑤 = 0.1 𝐾1,𝑡𝑤                                                                                                                     (22) 557 

5.4. Concrete anchorage component  558 
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As observed in the experimental failure modes in this paper, the concrete crushing followed by 559 

cone formation has been prominent for all the combined failure modes. The concrete crushing 560 

damage is initiated around the bolt anchorage nut. The American code ACI 318  [30] gives the 561 

load at which the crushing of the concrete occurs due to the bearing of the headed anchor as 562 

presented in eq. (23).  563 

𝐹𝑐,𝑐𝑜𝑛𝑐,𝐴𝐶𝐼 = 8 𝐴𝑏𝑟𝑔𝑓𝑐
′                                                                                                              (23) 564 

Where, 𝐴𝑏𝑟𝑔is the net bearing area of the anchored head, 𝑓𝑐
′ is the characteristic compressive 565 

strength of concrete. But the above equation is limited for usage only when the net bearing area 566 

of the head is at least greater than 4 times area of the bar (here bolt). But in the current study, 567 

the diameter of the headed nuts are around 1.5 and 1.45 times the bolt diameter of M16 and 568 

M20 respectively, and thus above equation may highly overestimate the concrete crushing 569 

strength. As shown in  numerical studies by Debnath et al. [20], that the current available 570 

headed nut dimension is sufficient to generate enough connection stiffness, and using a larger 571 

diameter nut does not significantly influence the connection strength, therefore a modified 572 

equation for concrete crushing strength is presented here, as given in eq. (24) 573 

𝐹𝑐,𝑐𝑜𝑛𝑐 = 2 𝐴𝑏𝑟𝑔𝑓𝑐                                                                                                                     (24) 574 

where, 𝑓𝑐 is the cylinder compressive strength of concrete.  575 

The load prediction eq. (23) by ACI 318 does not refer to the strength required to completely 576 

pull out the anchor from the concrete, and therefore it does not contain any factor related to 577 

embedment depth. To determine the pull-out strength of anchor from concrete, the equation 578 

proposed by Eligehausen et al. [31] is used, as in eq. (25):  579 

𝐹𝑢,𝑐𝑜𝑛𝑐 = 16.8 √𝑓𝑐 ℎ𝑒𝑓𝑓
1.5                                                                                                           (25) 580 

where, ℎ𝑒𝑓𝑓 is the bolt anchorage effective length, as shown in Fig. 23.  581 
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The concrete crushing strength (𝐹𝑐,𝑐𝑜𝑛𝑐) and the pull-out strength (𝐹𝑢,𝑐𝑜𝑛𝑐) can be considered 582 

as the yield and ultimate strength of the anchorage component. To determine the initial and 583 

secondary stiffness of the anchorage component, the equation proposed by Oktavianus et al. 584 

[25] for Ajax headed anchored bolts is used, which is given in Eqs. (26) and (27), respectively:  585 

𝐾1,𝑐𝑜𝑛𝑐 =
𝜋 𝐸𝑐𝑑𝑏

4
                                                                                                                        (26) 586 

𝐾2,𝑐𝑜𝑛𝑐 = 0.05 𝐾1,𝑐𝑜𝑛𝑐                                                                                                             (27) 587 

where, 𝐸𝑐 is the elastic modulus of concrete.  588 

6 Comparison with test results 589 

The component model presented in the earlier section was validated with the experimental test 590 

results as presented in section 4.1. The comparison between the load-deformation plots of the 591 

experimental and the predicted analytical models are presented in Fig. 24 (a-h). As seen from 592 

Fig. 24, the component model has a good agreement with the experimental counterparts, in 593 

terms of initial stiffness and peak load. Some deviation arising between the predicted and test 594 

curves could be attributed to possible bending in the column specimens and other minor 595 

alignment issues with the vertical shafts while conducting the experimental investigation. In 596 

Fig. 24 (b, d and f), the higher second stiffness than the predicted curve could possibly because 597 

of reduction in slip in sleeve due to infill concrete, which was not able to capture by the 598 

component model at this stage. To further ensure the applicability of the presented component 599 

model to other numerical and experimental tests on hollo bolted CFST connection, few 600 

comparison were made with findings from [16, 20] and presented in Fig. 24 (i-l). The plots 601 

shows that the component model gives a fair prediction of the numerical and test results. The 602 

initial stiffness and the peak load are compared with the experimental and component model 603 

prediction values and is presented in Table 8. The average difference of 1% and standard 604 
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deviation of 6% is achieved for peak load values between component model prediction and 605 

experimental values. Whereas the average difference of 4% and standard deviation of 11% is 606 

achieved for initial stiffness values between component model prediction and experimental or 607 

numerical values.  608 

Thus, the component model presented will be able to predict the global behaviour of the hollo-609 

bolted CFST column connection, with parameters including tube thickness, strength of infill 610 

concrete having connection with standard or extended hollo-bolt. Further, the proposed model 611 

will also be able to predict the connection behaviour, determining all the three prominent 612 

observed failure modes of bolt fracture, column face bending and combined failure. 613 

 7 Summary and conclusions 614 

This paper presented the monotonic tensile pull-out tests of single blind-bolted connections to 615 

concrete-filled SHS columns. A total of eight specimens were tested, with varying parameters 616 

like infill concrete, EHB anchorage length, EHB diameter, steel tube thickness and concrete 617 

grade, and the experimental findings are reported here. The research highlights the combined 618 

failure modes of the EHB concrete filled SHS connection, which are not reported in existing 619 

experiments, and only few numerical and analytical findings were found. A component model 620 

for prediction of the bolted connection is presented.  The main findings from this paper include: 621 

(a) Three specific failure modes were observed during the experimental programme: column 622 

tube-wall bending, bolt fracture, and combined failure of concrete crushing, tube-wall 623 

bending and sleeve fracture. In a construction site condition, the combined failure mode 624 

would be more appropriate, as this progressive failure of concrete crushing, followed by 625 

tube wall deformation and bolt sleeve failure have displayed higher ductility of the 626 

connection with sufficient strength and stiffness.  627 
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(b) For the failure modes that were dominated by bolt failure, it is confirmed that the location 628 

of the shank necking and fracture is between the conical nut and bolt head, and not between 629 

conical nut and headed nut. From the bolt strain data, it can also be confirmed that the 630 

anchorage element has also been able to significantly improve the connection strength and 631 

stiffness.  The residual bolt preload for M20 grade 8.8 bolts is about 75%, whereas, for 632 

M20 grade 10.9 is about 90%, these factors may also influence the connection behaviour, 633 

and should be considered in future FE models.  634 

(c) With a longer bolt anchorage length, the connection capacity has significantly improved, 635 

and have led to combined failure mode with concrete strength C25 and C45, and bolt shank 636 

failure with C80, suggesting concrete strength as the primary influential factor determining 637 

the mode of failures. Therefore, an appropriate strength combination of concrete strength, 638 

tube thickness, and anchorage length is required to have combined failure of the connection.   639 

(d) A component model based on non-linear behaviour of individual connection element is 640 

presented. Modified equations for predicting strength, stiffness of SHS tube with and 641 

without infill concrete under tension have also been presented, which are suitable for hollo 642 

bolted connections. The assembly of these models as per spring mechanics gives a good 643 

prediction of strength and initial stiffness for such complex connections with an acceptable 644 

deviation. This analytical model will be helpful to engineers to identify the failure mode of 645 

the connections and make rational design with possible combined failure mode.   646 
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 1 

Fig..1: Internal view of steel tube with single hollo-bolted connection with different embedment lengths.   2 

 3 

  4 
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 12 
(b)  13 

 14 

Fig. 2: (a) Schematic 2D representation of the test set up; (b) 3D view of the test set up.  15 

 16 

 17 

Fig. 3: Experimental setup of CFST with single-bolted connection.    18 
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 20 
(a) Elevation view for arrangement of instrumentation. 21 

 22 

(b) Arrangement of instrumentation at section A-A. 23 

 24 

Fig.4: Schematic representation for arrangement of displacement transducer and strain gauges.  25 

 26 

Fig.5: Identification of the parts of extended blind-bolt and positioning of strain gauge. 27 
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 29 

Fig.6: Setup for bolt material test using Instron 8803 servo hydraulic system. 30 

 31 

Fig.7: Samples of steel flat coupons, curved coupons, and bolt circular coupons after tensile testing. 32 

Extensometer 

Bolt coupon 

Strain gauge

25 mm 

Extensometer clips

(a) Steel flat coupons            (b) Steel curved coupons               (c) Bolt circular coupons



F-5/15 

 

 33 

Fig.8: Hardness measurement for bolt sleeve component.  34 

 35 

Fig.9: Stress-strain curves for steel tube of thickness 6mm for flat, weld and curve regions. 36 

Original sleeve

Separated sleeve leaves

Rockwell hardness tester

0

100

200

300

400

500

600

700

0 5 10 15 20 25 30 35 40

S
tr

es
s 

(M
P

a
)

Strain (%)

S355_T6_Flat Coupon 1
S355_T6_Flat Coupon 2
S355_T6_Weld Zone Coupon 1
S355_T6_Weld Zone Coupon 2
S355_T6_Curved Coupon 1
S355_T6_Curved Coupon 2



F-6/15 

 

 37 

Fig. 10: Stress-strain curves for bolt coupons. 38 

 39 

Fig.11: Stress-strain curves for concrete grades C25, C45 and C80. 40 

    41 

0

200

400

600

800

1000

1200

0 3 6 9 12 15 18 21

S
tr

e
ss

 (
M

P
a
)

Strain (%)

Bolt Coupon_M20_120 mm

Bolt Coupon_M20_150 mm

Bolt Coupon_M20_165 mm

Bolt Coupon_M16_180 mm

0

15

30

45

60

75

90

0 0.1 0.2 0.3 0.4 0.5

S
tr

es
s 

(M
P

a
)

Strain (%)

C25 (cylinder size 100 × 200)

C45 (cylinder size 100 × 200)

C45 (cylinder size 150 × 300)

C80 (cylinder size 100 × 200)



F-7/15 

 

 42 

  Fig.12: Arrangement for measurement of bolt preload. 43 

 44 

Fig.13: Bolt preload relaxation curves of M20 bolts of two grades.  45 

 46 
(a)                                                                                (b) 47 

Fig.14: Specimen A-M20-E0-C0-T8 at failure (a) sleeve fracture and tube face deformation, and (b) tube side 48 

wall deformation.  49 
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 50 
                                        (a)                                                                          (b)  51 

Fig.15: Deformation at peak loads for specimen (a) A-M20-E0-C45-T8, and (b) A-M20-E75-C45-T8.  52 

 53 

     (a) 54 

   (b) 55 

Fig.16: (a) Concrete cone formation for the specimen A-M20-E75-C45-T8; (b) Concrete cone damage, tube 56 

wall deformation and bolt sleeve fracture for the specimen A-M20-E90-C45-T8. 57 
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   (a) 59 

   (b) 60 

Fig.17: (a) Stages of failure: concrete cone failure, deformation of tube wall and bolt sleeve fracture for the 61 

specimen A-M20-E90-C25-T8; (b) Limited concrete damage for the specimen A-M20-E90-C80-T8. 62 
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Fig.18: (a) Tube wall yielding for the specimen A-M20-E90-C45-T6; (b) Bolt shank fracture for the specimen 66 

A-M16-E90-C45-T8.  67 

 68 

 69 
Fig.19: Load-displacement curves.  70 
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 74 

 75 
Fig.20: Strain developed in steel tube near the connection (SG1 and SG2). 76 
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 78 
 79 

Fig.21: Representative strain developed in steel tube surface between the connection and support  80 

(SG3 and SG4). 81 
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 85 
 86 

Fig.22: Strain developed at the bolt shank (SG7). 87 

 88 

 89 
 90 

(a)                                                         (b) 91 

Fig.23: (a) Identification of connection components; (b) spring assembly.   92 
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 96 
 Fig. 24: Validation of global connection behaviour with proposed component model.  97 
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Table 1 Geometric dimensions of the specimens.   

Specimen ID 

 

Tube length  

 

Column section  b/t  Corner 

thickness 

(mm) 

Bolt hole 

location 

Bolt hole 

diameter 

(mm) Actual 

length (l) 

(mm) 

Effective 

length (leff) 

(mm) 

Nominal 

(b × b × t) 

(mm) 

Actual  

(b × b × t) 

(mm) 

A-M20-E0-C0-T8 1500 845 250×250×8  251×251.5×8.2 30.6 8.4 Centre 34.7 

A-M20-E0-C45-T8 1500 845 250×250×8 250×250.5×8.2 30.4 8.25 Centre 34.8 

A-M20-E75-C45-T8 1500 845 250×250×8 250×251×8.2 30.4 8.4 Centre 34.8 

A-M20-E90-C45-T8 1500 845 250×250×8 250×249×8.2 30.4 8.42 Centre 34.8 

A-M20-E90-C25-T8 1500 845 250×250×8 250×250.5×8.2 30.4 8.42 Centre 34.8 

A-M20-E90-C80-T8 1500 845 250×250×8 250×250.5×8.3 30.1 8.45 Centre 34.8 

A-M20-E90-C45-T6 1500 845 250×250×8 250×250×8.3 30.1 8.45 Centre 34.7 

A-M16-E90-C45-T8 1500 845 250×250×6 248×252×5.9 42 6.0 Centre 28.0 

 

Table 2 Geometric dimensions of the bolts and other information.   

 

 

 

 

 

 

 
 

 

 

Specimen ID Bolt 

diameter 

(mm) 

Tensile 

stress area 

(mm2) 

Shank 

length 

(mm) 

Embedment 

length (mm) 

Nut  

Length 

(mm) 

Anchorage Anchorage       

length (mm)                

(col.5 - col.6) 

Bolt  

torque 

(Nm) 

Bolt  

grade 

Concrete 

nominal 

strength 

A-M20-E0-C0-T8 19.7 245 120 62 _ No _ 300 8.8 _ 

A-M20-E0-C45-T8 19.6 245 120 62 _ No _ 300 8.8 45 

A-M20-E75-C45-T8 19.7 245 150 92 17 Yes 75 300 8.8 45 

A-M20-E90-C45-T8 19.8 245 165 107 17 Yes 90 300 8.8 45 

A-M20-E90-C25-T8 19.8 245 165 107 17 Yes 90 300 8.8 25 

A-M20-E90-C80-T8 19.8 245 165 107 17 Yes 90 300 8.8 80 

A-M20-E90-C45-T6 19.8 245 165 109 17 Yes 92 300 8.8 45 

A-M16-E90-C45-T8 15.8 157 165 107 15 Yes 92 190 8.8 45 
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Table 3 Measured mechanical properties of bolt components and steel tube. 

Steel components fy 

(MPa) 

fu 

(MPa) 

Es 

(GPa) 

fu/ fy 

 

Bolt  Shank Bolt-M20-120 mm  793 934 208 1.17 

Bolt-M20-150 mm  839 967 206 1.15 

Bolt-M20-165 mm 799 887 208 1.11 

Bolt-M16-180 mm 813 906 208 1.11 

Sleeve# Bolt-M20-120 mm  396 529 _ 1.33 

Bolt-M20-150 mm  390 519 _ 1.33 

Bolt-M20-165 mm 393 520 _ 1.32 

Bolt-M16-180 mm 430 560 _ 1.30 

Steel tube Flat 

region 

Nominal thickness 6 mm 411 523 213 1.27 

Nominal thickness 8 mm 352 483 204 1.37 

Curved 

region 

Nominal thickness 6 mm 532 610 214 1.14 

Nominal thickness 8 mm 609 660 200 1.08 

               Note: #material properties based on Rockwell hardness test.  

Table 4 Chemical composition (in %) of M20 blind-bolts as per mill certificates. 

Bolt C Mn P S Si Cu Ni Cr Mo Al B 

M20-120 mm 0.34 0.83 0.17 0.03 0.22 _ _ _ _ 0.19 0.19 

M20-150 mm  0.34 0.86 0.12 0.06 0.19 0.02 0.01 0.14 _ 0.36 0.17 

M20-165 mm 0.35 0.78 0.014 0.005 0.21 _ 0.10 0.18 0.30 _ 0.002 

   

Table 5 Mix design and strength properties of concrete. 

Concrete 

grade 

Water/ 

Cement 

Water 

(Kg/m3) 

Cement 

(Kg/m3) 

Sand 

(Kg/m3) 

Aggregate 

(Kg/m3) 

S.P* 

(Kg/m3) 

Slump 

(mm) 

Cylinder 

compressive 

strength (N/mm2) 

Split tensile 

strength 

(N/mm2)  

Elastic 

modulus 

EC 

(GPa) 10 mm 20 mm 

C25 0.65 220 340 700 380 760 _ 130 26 2.7 23.8 

C45 0.48 192 400 720 410 615 2.5 100 46 4.1 25.5 

C80 0.28 140 500 704 422 633 10 100 82 6.8 39.6 

Note: S.P* refers to superplasticizer.  

Table 6 Bolt preload test details. 

Bolt ID Diameter 

(mm) 

Property 

class 

Shank length 

(mm) 

Torque 

(Nm) 

Fp,ini 

(kN) 

Fp,48 h 

(kN) 

Fp,48 h / 

Fp,ini 

M20-G8.8-150 20 8.8 150 300 56 43 0.76 

M20-G8.8-165 20 8.8 165 300 56 44 0.78 

M20-G10.9-165 20 10.9 165 340 58 53 0.91 

         Fp,ini refers to initial preload; Fp,48 h refers to residual preload after 48 h. 
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Table 7 Measured stiffness, capacities, and deformation of the connections.  

Specimen Test peak 

load (kN) 

Bolt 

ultimate 

capacity 

(kN) 

Deformation 

at peak load 

(mm) 

Stiffness at 

50% bolt 

capacity 

(kN/mm) 

Failure mode 

A-M20-E0-C0-T8 110 228 25.8 4.26 Column wall deformation 

A-M20-E0-C45-T8 123 228 21.2 7.46 Column wall deformation 

A-M20-E75-C45-T8 170 237 2.6 82.5 Concrete crushing-column wall 

deformation 

A-M20-E90-C45-T8 185 217 9.27 75.1 Concrete crushing-column wall 

deformation-partial bolt failure 

A-M20-E90-C25-T8 183 217 6.5 63.2 Concrete crushing-column wall 

deformation-partial bolt failure 

A-M20-E90-C80-T8 197 217 12.4 95.9 Bolt failure  

A-M20-E90-C45-T6 159 217 4.7 97.7 Concrete crushing-column wall 

deformation 

A-M16-E90-C45-T8 144 142 5.2 111.2 Bolt failure 

 

Table 8 Comparison of component model with experimental and FE results.  

Specimen Initial 

stiffness 

(Experiment 

or FEA) 

KExp/FEA 

(kN/mm) 

Peak load 

(Experiment 

or FEA) 

PExp/FEA (kN) 

 Initial 

stiffness 

(Component 

model) 

KComp 

(kN/mm) 

 

Peak load 

(Component 

model)  

PComp (kN) 

PComp

PExp or FEA
 

KComp

KExp or FEA
 

A-M20-E0-C0-T8 32.1 110 28.5 109 0.99 0.88 

A-M20-E0-C45-T8 89 123 70 108 0.87 0.78 

A-M20-E75-C45-T8 157.5 170 173.2 182 1.07 1.09 

A-M20-E90-C45-T8 177.7 185 174.4 205 1.10 0.98 

A-M20-E90-C25-T8 125 183 151 181 0.98 1.19 

A-M20-E90-C80-T8 173.3 197 178 215 1.09 1.02 

A-M20-E90-C45-T6 156 159 143 165 1.03 0.91 

A-M16-E90-C45-T8 140 144 134 142 0.98 0.95 

D20-G8.8-E0-C40-T8 [FE, 20] 127 105 117 101 0.96 0.92 

EHB20-150-8.8F-C40-2 [16] 182 227 176 229 1.00 0.96 

HB16-100-8.8D-C40-2 [16] 89 142 97 146 1.02 1.08 

EHB16-150-8.8D-C40-2 [16] 165 144 136 146 1.01 0.82 

Mean 1.01 0.96 

Standard deviation 0.06 0.11 
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