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Abstract 8 

This paper presents experimental findings of ten full-scale blind-bolted concrete filled steel 9 

tubular (CFST) connection tests under predominant shear loading. Previous works show that, 10 

the performance of blind-bolts with extended shank and headed nut performed significantly 11 

well under tensile loads, but research on such connections under shear loading is at scarce. In 12 

this testing programme, the performance of individual blind-bolted CFST column connection 13 

is assessed where various parameters including presence of infill concrete, bolt embedment 14 

length, tube wall thickness and concrete strength are considered. Material tests for all the 15 

elements in the connection assembly have also been conducted.  The study is accompanied by 16 

assessment of international codes. It is observed that, with higher bolt embedment length, the 17 

concrete contribution can be enhanced up to 58% of the total load applied, where the load is 18 

transmitted to the concrete core by bearing, and the tube wall yielding could also be delayed. 19 

Test results also shows that, ultimate capacity of the bolts can be achieved with CFST 20 

connections under shear load.  For all the connections, the failure mode was consistent to shear 21 

fracture of bolt. At the end, a modified prediction equation for blind-bolt shear resistance is 22 

proposed. The test results presented in the investigation provides scientific data for further 23 

numerical investigations and can also provide insights towards load-introduction mechanism 24 

in bolted CFST column connections. 25 
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1. Introduction29 

The use of steel-concrete composite structures is widely popular in the construction industry 30 

for decades due to several advantages offered by the combined contribution of steel and 31 

concrete. One of the composite structural elements is the concrete filled steel tube (CFST) 32 

column, whose performance in high compressive strength, better ductility, and fire resistance 33 

is evident from existing research [1-3]. Though the composite action of CFST column under 34 

axial loading is well established, but in a building the load is transferred from the floors to the 35 

column via the beam by connections, and therefore it is important to study the connection 36 

between beam and the CFST column. In this research the composite action is referred to the 37 

combined action of steel tube and concrete infill of the CFST column. Connections can be 38 

established between an open-section beam and a closed-section column, like hollow or CFST, 39 

with the help of welding or bolting. For bolting, the blind-bolts have gained wide popularity as 40 

they are specially designed to fabricate such connections where there is a lack of access inside 41 

the column tube. A typical steel-beam to CFST column connection with blind-bolts is shown 42 

in Fig.1. The blind-bolts that are currently being used in experimental research includes Ajax 43 

Australia blind-bolts [4], Lindapter hollo-bolts [5] and the slip-critical blind-bolt [6]. With the 44 

help of blind-bolts, though easy and faster joint fabrication is achieved, but the use of this 45 

technology is limited to pinned and non-moment resisting frames.  46 

Therefore, these blind-bolts have received several modifications for tensile strength 47 

enhancement of the steel-beam to CFST column connections. The Ajax Australia blind-bolt 48 

was modified to headed anchored blind-bolts [7] and the Lindapter Hollo-bolt  was modified 49 

to extended hollo-bolt [8], where the shank of the bolt has been extended with a headed nut 50 

which will provide anchorage in to the infill concrete core of the CFST column. It was observed 51 

that, due to the mechanical anchorage provided by the headed nut, the connection strength and 52 
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stiffness have improved significantly [7, 9].  The tensile behaviour of group of Ajax anchored 53 

blind-bolts with CFST columns were studied and it was observed that the anchored blind-bolts 54 

can reach the ultimate capacity of equivalent groups of standard bolts [10]. A further 55 

modification of the Ajax anchored blind-bolt was made with double-headed anchorage, and the 56 

Linadpater extended hollo-bolt was modified with double sleeves and observed improved 57 

stiffness [11, 12]. Thus, since past few years research is being conducted to develop moment-58 

resisting frames that can combine both the benefits of composite action of CFST column and 59 

the blind-bolting technology, especially with the headed anchored blind-bolt or the extended 60 

hollo-bolt. Laboratory experiments to investigate the cyclic characteristics of steel-beam to 61 

CFST column joints with extended hollo-bolts were conducted [13, 14]. Primarily, it was 62 

observed that connections with the modified hollo-bolts high energy dissipation and higher 63 

ductility can be achieved, which can be used for design of moment-resisting frames for 64 

buildings in seismically active areas. The low moment-rotation stiffness displayed by 65 

connections with standard hollo-bolt due to column face bending could also be improved. The 66 

standard hollo-bolt and the extended hollo-bolt with headed nut is shown in Fig. 2. 67 

To develop the fundamental understanding of extended hollo-bolts with the CFST column, 68 

experimental, numerical, and analytical investigations were conducted based on tensile pull-69 

out tests [9, 15-17], and various failure modes including the combined failure mode have been 70 

reported. The combined failure mode is referred to the failure of two or more components in 71 

the connection assembly under tensile loading. Though the findings are found to be 72 

encouraging in developing moment-resisting frames with extended hollo-bolts, most of these 73 

investigations are conducted under direct tensile pull-out tests. Now that in a moment-resisting 74 

frame, a bolted connection will be subjected to shear and bending forces, where bending can 75 

be transformed to a couple of tensile force and compressive force. As a result of which, the 76 

bolts will experience combined tension and shearing forces. To understand the combination of 77 
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tension and shearing forces on the bolts, it is imperative to realise the behaviour of the 78 

connections in pure shear loading scenario. As reported in the previous findings [15, 16] that 79 

the extended hollo-bolted CFST connections under tensile loading performed significantly well 80 

in combined failure mode, in the next step it would be important to understand the influence of 81 

the extended hollo-bolt under shear loading. As the extended shank of the hollo-bolt is 82 

embedded into the concrete core, partial shear loading could possibly be transmitted to the 83 

concrete core by bolt shank bearing mechanism and thereby enhancing the composite action of 84 

CFST column under such loads. It also requires further investigation to effectively use the bolt 85 

strength in such connections.  86 

In the literature, only a few reports are found that involved the investigation of hollo-bolted 87 

connections under shear loading. The behaviour of hollo-bolted angle and channel connections 88 

with tubular columns under shear loads were investigated by Liu et al. [18], and reported that 89 

the connection stiffness and capacity are influenced by bolt gauge distance and angle thickness. 90 

The angle connections also displayed higher ductility with hollo-bolts due to the presence of 91 

expandable sleeve. Another investigation on hollo-bolted connections was conducted by 92 

Pitrakkos et al. [19], where standard and extended hollo-bolted connection was made with re-93 

usable steel box assembly filled with concrete, and tested under combined tension and shear 94 

loading. The connections were tested under different angles of combined loading and observed 95 

that the shear plane influences the connection strength, and the highest bolt ultimate strength 96 

was achieved at the loading angle of 30˚. From these studies it is also inferred that independent 97 

investigations on direct shear loading of hollo-bolted CFST column connections are scarce.  98 

In this research, apart from understanding the pure shear behaviour of extended hollo-bolted 99 

CFST column connections, there were also some limitations in the existing research [19] that 100 

are addressed in this paper. In the existing investigation, the limitations can be briefly stated 101 

as: the influence of bolt embedment length was not included; for the setup for the pure shear 102 
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test, the applied force was in lateral direction of the column, whereas, in a realistic situation, 103 

the shear load application along the longitudinal direction of the column would be more 104 

appropriate to observe the influence of extended hollo-bolts on concrete infill, and; in the re-105 

usable steel box used, both the clamping plate and top plate were rigid, and therefore the 106 

influence of the tube wall thickness was ignored, and this may resemble an individual blind-107 

bolt shear test instead of a CFST column connection shear test. Therefore, the current 108 

experimental investigation will examine the behaviour of hollo-bolted CFST column 109 

connections under predominant shear loading along with overcoming the existing experimental 110 

limitations. To understand the behaviour of extended hollo-bolted CFST column connection, 111 

in this stage of experimental investigation, a single bolt is considered in the connection 112 

assembly, which will form the basis for conducting experiments with group bolts in future 113 

studies. This current research will also be able provide some directions towards understanding 114 

of load-introduction mechanism in CFST columns with extended hollo-bolted connections, as 115 

in the current codes the observations are based on welded connections of open-beam to CFST 116 

columns.      117 

2. Experimental testing programme 118 

2.1 Design and construction of specimens 119 

A total of ten full-scale blind-bolted hollow and CFST column connection specimens were 120 

prepared. The column specimens had a 4 mm thick plate welded at the bottom end to arrest any 121 

leakage of water from fresh concrete at the casting stage. Provisions for single blind-bolted 122 

connections were made at the two opposite faces of the square column specimens. This was 123 

done so that the load application can be made uniformly without any overturning of the column 124 

specimen. The length of all the specimens were 650 mm, and the connections were fabricated 125 

at mid-height position of the column, which gave enough length above and below the 126 

connection to overcome the influence of end conditions. The hollo-bolted connections were 127 
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fabricated via a rigid plate of 40 mm thickness, on which the shear loading was applied. The 128 

rigid plate was also considered so that the influence of beam end-plate thickness usually present 129 

in a beam-column connection is avoided, and the failure can be obtained in other components 130 

of the connection. 131 

The rigid plate and the bolts were assembled to fabricate the connections on two sides of the 132 

column tube. To fix the hollo-bolts, an electric wrench was employed, and later, a handheld 133 

torque wrench was used to measure the applied torque. A torque of 300 Nm was applied, which 134 

was recommended by the hollo-bolt manufacturer. This value can also be computed as per EN 135 

1993-1-8 [20], where bolt preload is computed by 0.7 times bolt ultimate tensile strength and 136 

bolt tensile stress area. The torque value was determined as per EN 1090-2 [21] by the product 137 

of bolt preload, factor Km (0.2 for zinc plated bolts) and bolt diameter.    138 

Strain gauges at desired locations were fixed previously, and necessary coating was applied for 139 

protection from water present in concrete. The concrete was poured and well compacted with 140 

the help of vibrator. After concrete casting, cling film was used to wrap the top end of the 141 

column to simulate the curing conditions of infilled concrete. Cylinders were prepared for all 142 

the batches of concrete and were also wrapped with cling film for similar curing conditions as 143 

specimens and were stored beside the specimens for same curing environment.  144 

The specimens prepared for this experimental investigation included variation of several 145 

parameters, including steel tube wall thickness, presence of infill concrete, concrete grade, 146 

standard hollo-bolt, and different embedment length of extended hollo-bolt. In this programme, 147 

only M20 bolts of property class 8.8 were considered. The length of the bolt inside the tube 148 

specimen is considered as the bolt embedment length. The standard hollo-bolt had an 149 

embedment length of 65 mm, and there is no headed nut attached due to limited shank length. 150 

For the extended hollo-bolts, an embedment length of 92 mm and 107 mm were provisioned, 151 
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and attached with headed nut, which typically would provide the anchorage into the concrete 152 

core under tensile loading as mentioned in the introduction.  Fig. 3 depicts the specimen 153 

configurations with bolted connections, as viewed from the top of the column tubes before 154 

concrete filling. The specimen references used in this paper are expressed as A-Ex-Cy-Tz, 155 

where A refers to experimental series, E refers to bolt embedment length in mm, C refers to 156 

concrete grade in MPa, and T denotes steel tube wall thickness in mm. In this series, there are 157 

three repeated specimens that were adopted to confirm the test results and are represented as R 158 

at the end of the nomenclature, denoting repeat specimen. The summary of the tested specimens 159 

with geometric details are presented in Table 1. The geometric measurements of the hollo-bolts 160 

and other detailed information of the specimens are presented in Table 2.   161 

2.2 Experimental set up 162 

The experimental set up was built up with several steel assemblies to be seated in MTS 815 163 

Rock Mechanic testing system having a capacity of 460 tons. The MTS system has circular 164 

crossheads in both upper and bottom sides, where the bottom crosshead has a travel of ± 50 165 

mm. For mounting the specimen, a support base plate of 50 mm thickness was placed on the 166 

bottom crosshead. Four position bars were placed on the steel support plate, through which 167 

threaded screws were used to “fix” the specimen at the base. An inverted U-frame, to be 168 

referred as reaction frame here onwards, was fabricated with high strength steel to apply the 169 

load to the bolted connections and is designed to remain elastic under the applied load. The 170 

load applied via the reaction frame resembles the load from the beam to the connection in a 171 

typical site situation. The reaction frame has three parts, an upper part of dimension 360 × 250 172 

× 80 mm and two legs having dimension 315 × 270 × 50 mm, all of which can be assembled 173 

with bolts. The legs are placed on the rigid stub plates of the connection assembly, through 174 

which the shear load was applied. Two balance bars were also bolted at the front and rear sides 175 

of the reaction frame, to keep a check on the uniform positioning of the loading legs at the 176 
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initial stage of test. It is worth mentioning that the position of the reaction frame was such that, 177 

there is a gap of 5 mm between the steel tube specimen and load frame legs on both the sides, 178 

so that there is no load transfer via contact between the legs and the column surface. A 179 

minimum gap of 5 mm was also necessary so that the reaction frame can be placed with ease 180 

over the square specimens. And thus, a predominant shear loading setup for the blind-bolted 181 

tube connection specimens was built. A three-dimensional sketch of the setup is presented in 182 

Fig. 4. A compression platen was placed on the upper part of the reaction frame to touch the 183 

load cell that is attached to the fixed crosshead of the MTS machine. As the moveable crosshead 184 

of the machine travels upwards, the load is transferred to the connections via the inverted U-185 

frame, uniformly on both the sides. A loading rate of 0.3 mm/min was adopted for all the tests 186 

which is appropriate to capture the static load-displacement behaviour of the specimens. The 187 

actual experimental setup using the MTS testing system and close view of the bolted 188 

connection region is presented in Fig. 5 (a) and (b), respectively.  189 

2.3 Instrumentation  190 

To accurately capture the load-displacement behaviour and strain distribution in the connection 191 

region, several linear variable differential transducers (LVDTs) and strain gauges were 192 

employed.  The LVDTs (L1 and L2) and were placed on two sides of the support plate, that 193 

measured the travel along the loading direction. Another LVDT (L3) was attached to the right-194 

side connection rigid plate, to keep a check of any displacement in the reaction frame, which 195 

is supposed to be devoid of any movement. In the results, the average of L1 and L2 was 196 

considered to represent the load-displacement behaviour of the specimens. To measure the 197 

strain distribution in the steel tube, in proximity to the connection region, two tube strain gauges 198 

(TSG1 and TSG2) were attached in the inside region of the tube wall. These strain gauges were 199 

positioned in the longitudinal direction of the applied load and located in bottom side of the 200 

bolt holes. Strain gauges were not attached in the outer side of the tube as they could potentially 201 
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be damaged by the rigid plates undergoing high clamping forces while fabrication of the 202 

connection. To monitor the strain developed in the extended shank of the hollo-bolt and in the 203 

adjoining concrete region two strain gauges were attached in each bolt (BSG1 ~ BSG4), near 204 

the bolt headed nut. The connections under shear loading, the bolt shanks are expected to 205 

undergo bending stresses, where the upper shank region experiencing tension forces, and the 206 

lower shank region experiencing compressive forces, which will possibly be captured by the 207 

BSG strain gauges. All the strain gauges (TSGs and BSGs) were applied with water proofing 208 

coating with SB tape to protect from the infill fresh concrete. It requires to be mentioned that, 209 

for the specimens with standard hollo-bolts, no bolt strain gauges could be attached due to 210 

limited shank length. To keep a check on any rotation of the hollo-bolted connections, 211 

inclinometers (IN1 and IN2) were attached to the rigid plates on both sides. The positioning of 212 

the LVDTs, strain gauges and the inclinometers is presented in Fig. 6. The inside view of the 213 

hollow steel tube, with strain gauges attached to steel surface and bolt shank is presented in 214 

Fig. 7.  215 

2.4 Material tests 216 

As the connection assembly consists of steel tube, concrete, and the blind-bolt components, it 217 

is therefore pertinent to conduct material tests of these elements. For the steel tubes, as two 218 

different thickness of 6.3 mm and 8 mm were considered in this testing programme, flat dog-219 

bone shaped coupons were extracted from these steel tubes and were designed as per ISO 6892-220 

1:2019(EN) [22]. For each batch, three coupons were tested at a loading rate of 0.3 mm/min 221 

until 3% strain, a rate of 0.6 mm/min was used from 3% strain to yield strain, and beyond yield 222 

strain a loading rate of 1.2 mm/min was adopted. Fig. 8 presents the test setup of flat steel 223 

coupons using the Instron machine. For the M20 hollo-bolts, as three different embedment 224 

lengths were used in this experimental programme, they were supplied from three different 225 

batches. The length of the bolts were 120 mm, 150 mm, and 165 mm, which had embedment 226 
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lengths of 65 mm, 92 mm, and 107 mm, respectively, inside the tube (refer Fig. 3). As they 227 

were from different batches, three circular coupons of each bolt length were considered for the 228 

material testing. For the circular coupons, a loading rate of 0.02 mm/min was adopted until 229 

strain of 1% is reached, 0.2 mm/min loading rate was used from 1% strain to 7% strain, and 230 

beyond 7% strain a loading rate of 0.5mm/min was used. For all the steel material coupon 231 

testing Instron UTM machine was used. Apart from the video extensometer, strain gauges were 232 

attached to all flat steel and circular bolt coupons to accurately measure the elastic modulus. 233 

For the hollo-bolt sleeve, through which the shear plane passes, were also tested for its 234 

mechanical properties using Rockwell hardness testing machine. These hardness test values 235 

were later converted to material strength values.  Referenced images for tested flat coupons 236 

and circular bolt coupons are presented in Fig. 9 (a) and (b), respectively. The stress-strain 237 

plots for 6.3 mm flat steel coupons and 120 mm circular bolt coupons are presented in Fig. 10 238 

and Fig. 11, respectively. The measure material properties of steel tubes, bolt shank and bolt 239 

sleeve are provided here in Table 3.  Two concrete grades C40 and C80 were used in this 240 

experiment, for which cylinders of size 100 mm diameter and 200 mm length were casted. 241 

They were tested for both compressive and split tensile strength. The compressive stress-strain 242 

plot obtained with the help of strain gauges attached to the concrete cylinders are presented in 243 

Fig. 12. Concrete grade C40 was commercially supplied, whereas C80 was manufactured in 244 

the laboratory. The concrete mix ratios and measured material properties are provided in Table 245 

4.  246 

3. Connection behaviour and failure modes 247 

The specimen for standard hollo-bolted connection with hollow steel tube was tested to study 248 

the influence of concrete infill under predominant shear loading. As observed in Fig. 13 for the 249 

tested specimen A-E65-C0-T6.3, the bolts have undergone bending deformation, with fracture 250 

in the leaves of the sleeve. The location of sleeve fracture is at the region where the sleeves 251 
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open up upon tightening as shown in Fig. 13 (a). As the shear loading is applied, the load is 252 

transferred to the steel tube wall, and this generates a deformation in the lower half-circle of 253 

the bolt hole, as shown in Fig. 13 (b). Upon removal of the standard hollo-bolts from the 254 

specimen, it can be observed that the sleeve has undergone full deformation and touched the 255 

conical nut and bolt shank. Similarly, the sleeve surface abrasion and fractured sleeves can also 256 

be observed from the Fig. 14. It is also to be noted that, apart from the threaded shank region, 257 

the shear plane also passes though the slotted sleeve region of the bolt assembly, and sleeves 258 

are the first load bearing element under the shear loading.   259 

The specimen A-E65-C40-T6.3 having standard hollo-bolt and infill concrete, had shear failure 260 

of the bolt, where both the sleeve and the shank have undergone total fracture under the 261 

sustained loading. The tested specimen in presented in Fig. 15 (a), where the shear fracture 262 

plane is shown. Upon inspection of the internal concrete damage by cutting the steel tube skin 263 

in the connection region, it was observed that minor concrete cracks were developed around 264 

the bolt. The deformation in the steel tube was primarily bulging in the tube interior wall, which 265 

is marked in white as shown in Fig. 15 (b). As shown in Fig. 15 (c), under the effect of shear 266 

loading, the sleeves were compressed in one side, whereas the other side remained 267 

uncompressed, and thus forming a gap between the bolt and the rigid plate.  268 

As the bolt embedment length was increased from 65 to 92 mm with a headed nut, the specimen 269 

A-E92-C40-T6.3 also failed in bolt shearing. The original and after test position of the stub can 270 

be seen in Fig. 16 (a), and for this specimen the test was stopped as the load dropped sharply 271 

and did not continue to full shear fracture of the bolt. Similarly, for the specimen A-E107-C40-272 

T6.3, the connection failed in bolt shear, and the left and right-side views of the specimen is 273 

shown in Fig. 16 (b) and (c), respectively. It is to be mentioned that, both the sides of the 274 

specimen did not fracture fully at the same time possibly due to not so perfect positioning of 275 

the bolt through the column tube holes. Upon removal of the concrete skin from the specimen 276 
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A-E107-C40-T6.3, it is observed that there are no visible concrete cracks, but the bulged 277 

deformation of the tube interior wall is evident as shown in Fig. 17 (a). The part of the fractured 278 

hollo-bolt that remined with the stub plate is shown in Fig. 17 (b) and (c), which clearly 279 

represents that the shear plane passes through the slotted region of the sleeve and the threaded 280 

shank. As presented in Fig. 17 (c), the non-perfect plain surface of the bolt shank could possibly 281 

be because of a tension component that might arise due to small moment generated from the 5 282 

mm gap between reaction frame legs and the specimen.      283 

The failure mode of the repeat specimens A-E65-C40-T6.3-R and A-E107-C40-T6.3-R is also 284 

dominated by bolt fracture, which confirms the reliability of the tests. With an enhanced tube 285 

thickness of 8 mm for the specimen E92-C40-T8, no significant bearing failure in concrete or 286 

steel tube was observed, and the failure was observed by bolt shear fracture. The position of 287 

the fractured extended hollo-bolts attached to the CFST part and rigid plate part after the test 288 

for the specimens A-E107-C40-T6.3-R and A-E92-C40-T8 are shown in Fig. 18. The fractured 289 

bolt part attached to the CFST has a gap formation in the upper region, whereas for the bot part 290 

attached to the rigid plate the gap formation is in the lower region, which is a typical shear 291 

failure pattern. The specimens A-E107-C80-T6.3 and A-E107-C80-T6.3-R fabricated with 292 

high strength concrete of C80 were tested to investigate the influence of concrete strength in 293 

the failure pattern of the bolted connections. As observed from Fig. 19, the connection failed 294 

by shear fracture of the bolts, and there has been no visible cracks in the concrete and limited 295 

bulging of the inner surface of the steel tube wall. The fractured bolt attached to the rigid plate 296 

and the surface of the bolt shank are also presented in Fig 19.  297 

Thus, from the above observations, it is noted that for hollow steel tube connections the failure 298 

is governed by total deformation of sleeve and bending of the bolt shank. Whereas, for all the 299 

bolted CFST connection specimens, the failure was governed by total shear fracture of the bolt 300 

sleeve and shank, irrespective of the tube wall thickness, bolt embedment length and concrete 301 
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graded strength. Under this predominant shear loading, no bearing failure was observed, and 302 

all the failure modes were by combined sleeve and shank fracture along the direction of the 303 

shear plane.  304 

4. Results and discussion  305 

4.1 Load-displacement 306 

In this section, the shear load versus connection displacement behaviour is discussed, and the 307 

summary of the test results is presented in Table 5. The load values presented here refers to 308 

force per bolt in the tested specimens. The bolted connection with hollow tube (A-E65-C0-309 

T6.3), the entire load was transferred to the tube wall, and as a result the tube underwent 310 

significant stress. The failure was by excessive deformation of the sleeve and bending of bolt 311 

shank, the peak load achieved was 238.5 kN, with a stiffness of 58.82 kN/mm. Whereas, when 312 

the specimen was filled with concrete (A-E65-C40-T6.3), the specimen achieved a peak load 313 

of 272.5 kN and a stiffness of 105.8 kN/mm, which is about 14% improvement in strength and 314 

80% improvement in connection stiffness, respectively, as compared to the hollow specimen. 315 

The load-displacement plot of the hollow and concrete-filled specimen is presented in Fig.20. 316 

This refers that a significant load was transferred to the concrete infill by the bolt embedment 317 

length of 3.25db, and the bolt was able to achieve its full strength, where db is the bolt diameter. 318 

A comparison for the repeated specimen A-E65-C40-T6.3-R, and its counterpart specimen is 319 

presented in Fig. 21, where the peak load, stiffness and failure modes are in good agreement, 320 

indicating reliability of the test results. For the specimen with longer bolt embedment length of 321 

4.6db (92 mm), achieved a peak load of 286.5 kN, and displayed a stiffness of 73 kN/mm. The 322 

comparison between the specimens A-E65-C40-T6.3 and A-E92-C40-T6.3 is presented in Fig. 323 

22. It is to be noted that, both the specimens ultimately failed by bolt shearing, as mentioned 324 

in the previous section. Initially, it may look that higher embedment length generated a higher 325 

peak load, but it is not the case, and will be discussed in the later part of this section. The 326 

specimen with bolt embedment length of 5.35db (107 mm), A-E107-40-T6.3 achieved a peak 327 
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load of 245.5 kN, and the corresponding repeat specimen A-E107-C40-T6.3-R achieved a peak 328 

load of 240 kN, which is a slight variation of 2.3%, and is shown in Fig. 23.   329 

Similarly, by reducing the steel tube section slenderness from 39.6 to 31.25, i.e, by increasing 330 

the tube thickness from 6.3 mm to 8 mm, the failure mode of the connection was still by bolt 331 

shear fracture, and the peak load achieved by the specimen A-E92-C40-T8 is 293.5 kN, which 332 

is just varied by 2.5% as compared to A-65-C40-T6.3 and is presented in Fig. 24. With the 333 

increase in concrete strength to C80, the specimen A-E107-C80-T6.3, when compared to its 334 

counterpart specimen A-E107-C40-T6.3, though the peak load was close to each other, 266.5 335 

kN and 245.5 kN respectively, but the stiffness was improved by the presence of higher strength 336 

concrete. The stiffness had improved by almost 18% possibly due to higher elastic modulus 337 

offered by C80 grade concrete as compared to C40 grade concrete and is shown in Fig. 25. The 338 

repeat specimen A-E107-C8-T6.3-R is plotted with its counterpart to check the consistency of 339 

the behaviour, and is shown in Fig. 26, which confirms that the stiffness and peak load achieved 340 

are in good agreement to each other.  341 

Now, as far as the strength of the connections with CFST columns are concerned, irrespective 342 

of the bolt embedment length of 3.25db, 4.6db and 5.35db, all the specimens had failed by bolt 343 

shearing at the shear plane, and therefore the ultimate strength of these connections were 344 

governed by the actual bolt strength. As can be referred from Table 3, the ultimate strength of 345 

the bolts with shank length 150 mm (used as 4.6db embedment length) had higher mechanical 346 

strength, as compared to bolts with shank length of 120 mm and 165 mm. And thus, the A-347 

E92-C40-T6.3 had higher capacity than A-E65-C40-T6.3 and A-E107-C40-T6.3, but all of 348 

them had consistent failure mode, i.e, shear fracture of the bolt. It can also be stated that, with 349 

bolt embedment length into the concrete core, the full capacity of the bolt could be achieved 350 

along with partial load transfer to the infill concrete by bolt shank bearing. Similarly, when 351 

tube the tube wall thickness was increased, there has been no change in the failure pattern 352 
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mode, and no prominent bearing failure was observed. Whereas, with increase in concrete 353 

grade to C80, though the connection failed in bolt shear fracture, an increase in stiffness was 354 

achieved possibly due to higher bearing capacity provided by the higher elastic modulus of the 355 

infill concrete.   356 

4.2 Load transfer mechanism  357 

As can be observed from all the shear load versus slip curves, the connection behaviour pattern 358 

can be presented in four-stages, as presented in Fig. 27. The initial behaviour up to 4 mm 359 

displacement and load of 100 kN is captured for two specimens and is shown in Fig. 27 for 360 

reference and discussion. As the nominal hole diameter for the M20 hollo-bolts were 35 mm, 361 

and the nominal external diameter for the sleeve is 32.75 mm, a slip between the bolt and tube 362 

hole was observed in almost all the specimens. Based on this experimental programme, the 363 

average slip value can be computed to about 0.5 mm. Secondly, as the shear plane passes 364 

through the expandable sleeve, the load is initially borne by the sleeve component and thus the 365 

corresponding stiffness is offered by the sleeve. This initial stiffness is maintained up to a load 366 

of about 40 kN, at which the sleeve yielding begins. After the yielding of the sleeve, it is 367 

followed by post-yield hardening and gradual transfer of the load to the bolt shank starts which 368 

occurs approximately at around 65 kN. At this point, the sleeve which has an internal diameter 369 

of 21 mm, the contact with the bolt shank takes place, and the load begins to transfer to the 370 

shank. Thus, in this research programme, the stiffness of the connection can be considered from 371 

the resistance against deformation offered by the bolt shank and is measured at the linear part 372 

of the load-displacement curves, referred to as k and mentioned in Table 5. The average 373 

stiffness for all the CFST specimens is 101 kN/mm and a CoV of 25% can be obtained. The 374 

stiffness at 70% of the ultimate connection resistance is also calculated as per Eurocode 4 [23], 375 

where the average stiffness is computed to be 97 kN/mm, with a CoV of 21.6. This stiffness 376 

can be referred as connector stiffness, ksc, as mentioned in Table 5.    377 
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4.3 Strain development  378 

The strain developed in the steel tube, just below the bolt hole (refer to Fig.6) is presented in 379 

Fig. 28, where negative strain corresponds to compressive stresses. In the hollow steel tube 380 

specimen, the stresses are significantly higher as the load is resisted solely by tube wall bearing, 381 

and the tube yielded at a load of 55 kN and the maximum strain reached a value of around -382 

40000 µƐ (refer Fig. 28a). At around 135 kN, there is reversal in the strain as at this load the 383 

bolt started to bend upwards and the stresses in the lower part of the bolt hole gradually reduced. 384 

With bolted connection when infilled with concrete, the bolt embedment has been able to 385 

transfer a considerable load to the concrete core by bearing, and as a result the steel tube 386 

delayed its yielding to around 85 kN (refer Fig. 28b), and the maximum strain reached up to -387 

12000 µƐ. As also can be referred from Fig. 28 (c-h), as the bolt embedment length was 388 

increased, there has been a significant delay in tube wall yielding load. This signifies that a 389 

considerable shear load was transmitted to the concrete core by bolt shank bearing mechanism. 390 

This phenomenon also indicates that an enhanced composite action can be achieved with CFST 391 

columns under shear loading with the use of extended hollo-bolts, that are embedded into the 392 

concrete core.   393 

A representative image for the strain developed in the bolt shank (BSG), is presented in Fig. 394 

29. As the strain gauge was fixed to the bolt shank next to the headed nut, embedded into the 395 

concrete core, the measured strain can also be referred as the strain developed in that region. 396 

The part of extended bolt shank, which is embedded into the concrete, due to the applied shear 397 

load, will undergo bending. And as a result, the upper region of the shank will experience 398 

tensile stresses, while the lower region will have compressive stresses. As shown in Fig. 29, 399 

for the specimen A-E92-C40-T6.3, having a bolt embedment length of 92 mm, strain gauges 400 

BSG1 and BSG2 (fixed at 180˚ to each other) refers to the bolt strain gauges attached to the 401 

bolt in left-side connection, where the solid line represents region under compression, and the 402 



M-17/23 

 

dotted line represents region under tension. Similar is the case with BSG3 and BSG4 attached 403 

to the bolt in the right-side connection. This strain distribution signifies the transfer of shear 404 

load to the concrete infill via the bolt embedment length, and the amount of strain developed 405 

is very close to 2790 µƐ, which is the concrete strain at peak stress (for C40 grade concrete). 406 

For the specimens having embedded bolts with attached strain gauges (BSG), the amount of 407 

concrete contribution was calculated from the bolt strain values as shown in the representative 408 

Fig. 29. The stress value was obtained from the bolt strain at the peak load, which indicates the 409 

amount of load transfer to the concrete core by bearing. This can be referred to as the concrete 410 

contribution in total shear load transfer, where a part of the load is borne by the tube wall, and 411 

the remaining by the concrete core.  Specimens with bolt embedment lengths of 4.6db and 412 

5.35db show that the concrete contribution in load transfer can be up to 58% of total applied 413 

force, indicating enhanced composite behaviour of the CFST column under the applied shear 414 

loading.  415 

5. Assessment of design codes 416 

As observed from the failure modes of the blind-bolted CFTS connections, all of the specimens 417 

ultimately failed by bolt shear fracture. Though the beneficial effect of infill concrete, bolt 418 

embedment length, higher concrete grade and tube wall thickness is realized, but the failure 419 

mode for the all the concrete-filled specimens were consistent. It is therefore can be stated that, 420 

under predominant shear loading, both the standard and extended single hollo-bolted CFST 421 

connections undergoes bolt shear fracture, and no prominent signs of concrete bearing failure 422 

could be observed. Now to assess the applicability of the existing design codes to predict the 423 

shear failure of the standard and extended hollo-bolted CFST connections, the equations 424 

provided by the Eurocode 3 [20], AISC-360 [24] and AS4100 [25] were selected. The 425 

expressions to determine the shear resistance for bolts, for the shear plane passing through the 426 
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threads as per the European code, North American code and Australian code are given in eq 427 

(1), (2) and (3), respectively, while the comparison with the test data is presented in Table 5.  428 

𝐹v,EC3 = 𝛼v𝑓u,b 𝐴b                                                                                                                              (1) 429 

𝐹v,AISC = 0.563𝑓u,b 𝐴b                                                                                                                         (2) 430 

𝐹v,AS = 0.62𝑓u,b 𝐴b,c                                                                                                                           (3) 431 

where,  432 

𝐹v is the shear resistance capacity in kN; 433 

𝛼v is the co-efficient, 0.6 for bolt class 8.8; 434 

𝑓u,b is the bolt ultimate tensile strength MPa; 435 

𝐴b is tensile stress area of the bolt in mm2 ; 436 

𝐴b,c is core area of the bolt in mm2 437 

As can be seen from Table 5, all the three design approaches used in these codes provides 438 

highly conservative predictions of the hollo-bolted connection shear resistance. The primary 439 

reason for such conservative prediction is that EC3, AISC and AS formulae are not developed 440 

based on such blind-bolts and therefore does not include the capacity of the hollo-bolt 441 

expandable sleeve, through which the shear plane passes, in addition to the bolt threaded shank. 442 

Therefore, based on the current experimental test results, eq (4) is proposed which considers 443 

the strength of bolt expandable sleeve and shank for prediction of the hollo-bolt shear capacity. 444 

The co-efficient of 0.6 still fits well in the proposed equation. As seen, in Table 5, the shear 445 

resistance has a maximum deviation of 10% for the hollo-bolted CFST connection specimens 446 

when compared between the test results and the proposed strength values.  447 

𝐹v,Prop = 0.6 (𝑓u,b 𝐴t + 𝑓u,sl 𝐴sl)                                                                                                                    (4) 448 
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where, 449 

𝑓u,sl is the sleeve ultimate strength in MPa 450 

𝐴sl is the net sleeve area in mm2 451 

Thus, based on the proposed equation the shear resistance for both the standard and extended 452 

hollo-bolts can be predicted with high accuracy, and similarly the design shear resistance can 453 

also be predicted with incorporation of the code based partial safety factors in the same 454 

equation. Further comparison can also be made to determine the relation between shear strength 455 

of hollo-bolts with its tensile capacity. The tensile coupon tests conducted for the bolt shank as 456 

previously presented in Table 3 can be used to compute the hollo-bolt tensile capacity, where 457 

the tensile capacity is determined by product of the ultimate tensile strength and the area of the 458 

threaded bolt shank. From comparison, it is observed that the average shear strength capacity 459 

of the hollo-bolt is approximately 1.20 times its tensile strength capacity.   460 

6. Conclusions 461 

This paper has presented an experimental investigation of ten full-scale hollo-bolted CFST 462 

connection under predominant shear loading. At this stage of the experimental programme, 463 

only single bolted connections with square CFST columns were considered to understand the 464 

failure modes, strength, and overall behaviour of the specimens. Several parameters like, infill 465 

concrete, bolt embedment length, concrete grade, tube wall thickness was considered to 466 

quantify the shear behaviour of the bolted connections. The research programme is also 467 

supported by material tests conducted for the steel tube, bolt, and concrete, which will help to 468 

conduct further numerical studies with a wide range of parameters and supplement the current 469 

limited test results. From this research the following conclusions can be drawn:  470 

1. The standard hollo-bolted CFST connection displayed a significant improvement of 80% in 471 

connection stiffness, and 14% strength improvement due to the presence of concrete as 472 



M-20/23 

 

compared to the specimen without infill concrete. As the standard hollo-bolt has an embedment 473 

length of 3.25db, it was possible to arrest the bending of the bolt by the surrounding concrete, 474 

and thereby increasing the connection stiffness. 475 

2. The initial stiffness of the connections is significantly less up to a load of approximately 476 

30% of the ultimate load, as until this load the stiffness is influenced by the hollow sleeve. 477 

Upon yielding of the sleeve and transfer of load to the shank, the stiffness stabilises, and is 478 

measured at 70% of the ultimate resistance. The average stiffness for all the bolted CFST 479 

connections is computed to 97 kN/mm with a CoV of 21.6. 480 

3. All the bolted CFST connections had a consistent failure mode of bolt shear fracture along 481 

the shear plane. The mean ultimate shear resistance for the single standard and extended hollo-482 

bolted CFST connection can be computed to 1.2 times the bolt tensile capacity. For the 483 

connections that involved extended hollo-bolt, no prominent bearing failure of concrete was 484 

observed. For the column tube wall, bulging effect near the hole can be observed due to the 485 

compressive forces transferred from the bolt bearing on the tube.  486 

4. The prediction equations for shear resistance of both standard and extended hollo-bolts as 487 

per the design approaches in EC3, AISC-360 and AS4100 are very conservative. Therefore, 488 

based on the test results this paper proposed an equation incorporating the expandable sleeve 489 

strength which can predict the bolt shear resistance with a maximum of 10% deviation. This 490 

predictive equation will be useful to determine the strength of hollo-bolted CFST connection 491 

subjected to shear loading. 492 

5. Though the bolt embedment length of 3.25db, 4.6db and 5.35db did not alter the connection 493 

failure mode, but the extended bolt shank has been able to significantly transmit the shear load 494 

to the concrete core by bearing mechanism, which is confirmed by internal strain distribution 495 

reaching concrete strain at peak stress. Simultaneously, a reduction in stresses in steel tube 496 
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could be attained, and connection load for tube yielding was also delayed. With higher concrete 497 

grade, an increase in connection stiffness of 18% was achieved as compared with specimen 498 

having normal strength concrete.       499 

6. The experimental results reveals that, hollo-bolted connections with CFST columns under 500 

shear loading full ultimate bolt capacity can be achieved. Also, enhanced composite behaviour 501 

of CFST columns can be realized with embedded hollo-bolts due to concrete contribution in 502 

shear load transfer.   503 

7. Based on the shear tests and previously conducted tensile tests by the authors, further 504 

investigation under combined tension and shear loading can be carried out to generate tension-505 

shear interaction relationship for standard and extended hollo-bolted CFST connections.  506 
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Fig. 1: Typical blind-bolted beam to CFST column connection. 

 

 
Fig. 2: The standrad hollo-bolt and extended hollo-bolt.  
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(a) (b) 

 

 

(c)                                                                                       (d) 

Fig. 3: Steel tube specimens with different bolt embedment lengths and tube cross-sections. 
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Fig. 4: Three-dimensional sketch of the experimental setup. 
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 (a) (b) 

Fig. 5: (a) Actual experimental set up using the MTS 815 Rock Mechanic Testing System; (b) 

close-up view of the bolted connection region. 
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Fig. 6: Positioning of strain gauges, LVDTs and inclinometers.  

 

Fig. 7: Inside view of the steel tube attached with strain gauges and check for alignment.  
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Fig. 8: Tensile testing system for steel tube coupons using Instron UTM. 
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Fig. 9: Tested (a) tube flat coupons; (b) bolt coupons. 

 

Fig. 10: Stress-strain curve for steel tube with 6.3 mm thickness. 
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Fig. 11: Stress-strain curve for bolt shank with length 120 mm.  

 

Fig. 12: Stress-strain curve for concrete cylinders. 
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Fig. 13: Tested specimen A-E65-C0-T6.3; (a) Position of hollo-bolts after test; (b) 

deformation in tube surface. 

  

Fig. 14: Hollo-bolts after testing for the specimen A-E65-C0-T6.3. 
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Fig. 15: (a) Specimen A-E65-C40-T6.3 after connection failure; (b) Damages in concrete and 

tube wall; (c) Fractured bolt after test.  
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Fig. 16: (a) Specimen A-E92-C40-T6.3 after testing; (b) left-side of A-E107-C40-T6.3;       

(c) right-side of A-E107-C40-T6.3. 

 

 

Fig. 17: Specimen A-E107-C40-T6.3 (a) Concrete and tube wall surface after test; (b) Bolt 

after shear failure; (c) shank surface after failure. 
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Fig. 18: Positioning of bolt after shear failure of connection.  

 

 
Fig. 19: Specimen A-E107-C80-T6.3 (a) Concrete and tube wall surfaces; (b) bolt part 

attached to stub plate; (c) shank surface after failure.  

A-E107-C40-T6.3-R A-E107-C40-T6.3-R

A-E92-C40-T8 A-E92-C40-T8

Gap in the lower-region

Gap in the lower-region

Gap in the upper-region

Gap in the upper-region

Bolt part attached to tube specimen Bolt part attached to rigid plate

No visible concrete cracks

Limited bulged area of 

tube interior wall

Gap between sleeve and stub plate

Shank surface after failure

(a)

(b)

(c)



F-13/18 

 

 

Fig. 20: Influence of concrete infill.   

 

Fig. 21: Comparison between specimens A-E65-C40-T6.3 and A-E65-C40-T6.3-R. 
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Fig. 22: Comparison between specimens with bolt embedment 3.25db and 4.6db. 

 

Fig. 23: Comparison between specimens A-E107-C40-T6.3 and A-E107-C40-T6.3-R. 
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Fig. 24: Influence of tube wall thickness.  

 

Fig. 25: Influence of infill concrete grade. 
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Fig. 26: Comparison between specimens A-E107-C80-T6.3 and A-E107-C80-T6.3-R. 

 

Fig. 27: Load-deformation pattern at the initial stage.  

 

0

50

100

150

200

250

300

0 2 4 6 8 10

F
o
rc

e
 p

e
r 

lo
a
d
 (

k
N

)

Displacement (mm)

A-E107-C80-T6.3 A-E107-C80-T6.3-R

A-E107-C80-T6.3

A-E107-C80-T6.3-R
Bolt fracture

Unloading

Bolt fracture

0

20

40

60

80

100

0 1 2 3 4 5

F
o

rc
e 

p
er

 b
o

lt
 (

k
N

)

Displacement (mm)

A-E92-C40-T6.3

A-E92-C40-T8

Initial stiffness 

from sleeve 

Gradual load transfer 

to shank

Secant stiffness 

from shank

Initial slip

Sleeve yielding

Sleeve post-yield 

hardening

S
ta

g
e 

1

S
ta

g
e 

2

S
ta

g
e 

3

S
ta

g
e 

4



F-17/18 

 

 

 

 Fig. 28: Strain developed in steel tube below the bolt hole.  

(a) A-E65-C0-T6.3 (b) A-E65-C40-T6.3

(c) A-E92-C40-T6.3 (d) A-E107-C40-T6.3
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Fig. 29: Strain distribution in concrete core for the specimen A-E92-C40-T6.3. 
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Table 1: Geometric dimensions of the tested specimens. 

Specimen ID 

 

Tube 

length (l) 

(mm) 

Column section  

(b × b × t) (mm) 

 

b/t Corner 

thickness 

(mm) 

Bolt hole diameter 

(mm) 

Bolt hole 

location 

Hole 1 Hole 2 

A-E65-C0-T6.3 650 250×249×6.3 39.7 6.46 34.8 34.7 Centre 

A-E65-C40-T6.3 650 249×249.5×6.26 39.7 6.66 34.8 34.8 Centre 

A-E65-C40-T6.3-R 650 250×250×6.28 39.7 6.5 34.8 34.8 Centre 

A-E92-C40-T6.3 650 250×249×6.28 39.7 6.5 35 34.7 Centre 

A-E107-C40-T6.3 650 250×249×6.3 39.7 6.46 34.8 35 Centre 

A-E107-C40-T6.3-R 650 250×250×6.3 39.7 6.46 35 35 Centre 

A-E92-C40-T8 650 249×249.5×8 31.2 8.64 34.8 34.8 Centre 

A-E107-C40-T8 650 249×249.5×8 31.2 8.64 34.8 34.8 Centre 

A-E107-C80-T6.3 650 249×251×6.28 39.7 6.46 35 35 Centre 

A-E107-C80-T6.3-R 650 251×251×6.28 39.7 6.44 34.8 35 Centre 

 

Table 2: Bolt geometric dimensions and other information of specimens. 

 

 

 

 

Specimen ID Bolt diameter, 

db  (mm)  

Nominal 

shear area 

of shank 

(At) (mm2) 

Net sleeve 

area (Asl) 

(mm2) 

Bolt 

embedment 

length (mm) 

Bolt 

torque 

(Nm) 

Bolt 

Property 

class 

Concrete 

nominal 

strength 

(N/mm2) 

Rigid 

plate 

thickness 

(mm) 
Bolt 1 Bolt 2 

A-E65-C0-T6.3 19.8 19.7 245 431.9 65 300 8.8 _ 40 

A-E65-C40-T6.3 19.8 19.8 245 431.9 65 300 8.8 40 40 

A-E65-C40-T6.3-R 19.7 19.8 245 431.9 92 300 8.8 40 40 

A-E92-C40-T6.3 19.8 19.8 245 431.9 92 300 8.8 40 40 

A-E107-C40-T6.3 19.7 19.7 245 431.9 107 300 8.8 40 40 

A-E107-C40-T6.3-R 19.8 19.8 245 431.9 107 300 8.8 40 40 

A-E92-C40-T8 19.8 19.8 245 431.9 92 300 8.8 40 40 

A-E107-C40-T8 19.8 19.7 245 431.9 107 300 8.8 40 40 

A-E107-C80-T6.3 19.7 19.7 245 431.9 107 300 8.8 80 40 

A-E107-C80-T6.3-R 19.7 19.7 245 431.9 107 300 8.8 80 40 
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Table 3: Material properties of steel tubes and blind-bolts.  

Steel Material 
Coupon 

Yield strength, 

(fy) (MPa) 
Ultimate strength,          

(fu) (MPa) 

Elastic Modulus,     

(Es) (GPa) 

fu/ fy 

 

Steel tube 250 × 250 × 6.3 mm  1 380 491 201.9 1.29 

2 371 494.9 194.5 1.33 

3 368 488 186.7 1.32 

Average  373 491.3 194.4 1.31 

250 × 250 × 8 mm 1 342 474 210.6 1.38 

2 357 478.3 192.3 1.34 

3 357 498.1 208 1.40 

Average 352 483.5 203.7 1.37 

M20 diameter 

blind-bolt  

Shank length 120 mm  1 754 922.57 202.6 1.22 

2 803 932.2 208.8 1.16 

3 824 948.9 213.9 1.15 

Average 793.6 934.5 208.4 1.17 

Shank length 150 mm  1 860 972.8 214 1.13 

2 815 965.9 199.2 1.18 

3 842 964.3 204.6 1.14 

Average 839 967.7 205.9 1.15 

Shank length 165 mm  1 803 891.6 209.1 1.11 

2 802.1 887.9 209.3 1.10 

3 792.4 883.6 207.5 1.11 

Average 799.1 887.7 208.6 1.11 

Sleeve* Batch of shank length 120 mm 396 529 _ 1.33 

Batch of shank length 150 mm 390 519 _ 1.33 

Batch of shank length 165 mm 393 520 _ 1.32 

Note: * average sleeve material properties based on hardness test of twelve sleeve leaves from each batch.  

Table 4: 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 average 

compressive 

strength (N/mm2) 

Split tensile 

strength 

(N/mm2)  

Elastic 

modulus EC 

(GPa) 

10 mm 20 mm 

C40 0.54 202 370 740 385 610 2.5 125 39.1 3.45 26.5 

C80 0.28 140 500 704 422 633 10 120 79.7 6.8 39.6 

Note * S.P refers to superplasticizer. 
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Table 5: Summary of test results and comparison with international codes. 

 

 

 

Specimen ID 𝐹v,Exp  

(kN) 

k 

(kN/m

m) 

ksc 

(kN/

mm) 

𝐹v,EC3  

(kN) 

𝐹v,AISC 

(kN) 

𝐹v,AS 

(kN) 

𝐹v,Prop 

(kN) 

𝐹v,EC8
/𝐹v,Exp 

𝐹vAISC
/𝐹v,Exp 

𝐹v,AS
/𝐹v,Exp 

𝐹v,Prop
/𝐹v,Exp 

A-E65-C0-T6.3 238.5 58.8  55.5  137 128.9  130.3 274.4 0.57 0.54 0.55 1.15 

A-E65-C40-T6.3 272.5 105.8  90.2  137  128.9 130.3  274.4 0.50 0.47 0.48 1.00 

A-E65-C40-T6.3-R 276.5 101  92  137 128.9  130.3  274.4 0.49 0.46 0.47 0.99 

A-E92-C40-T6.3 286.5 73 74.3  142 133  135  276.7 0.49 0.46 0.47 0.96 

A-E107-C40-T6.3 245.5 115.4  107  130  121.8 123.2 264.6  0.52 0.49 0.50 1.07 

A-E107-C40-T6.3-R 240 89.2 89  130  121.8 123.2 264.6 0.54 0.50 0.51 1.10 

A-E92-C40-T8 293.5 54.8 63  142  133.4 135 276.7 0.48 0.45 0.46 0.94 

A-E107-C40-T8 289.5 103.5  101  130  121.8 123  264.6 0.44 0.42 0.43 0.91 

A-E107-C80-T6.3 266.5 134.7 129  130  121.8 123  264.6 0.48 0.45 0.46 0.99 

A-E107-C80-T6.3-R 252.5 131.6  128.3  130  121.8 123  264.6 0.51 0.48 0.49 1.04 

Mean 0.51 0.48 0.48 1.04 
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