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 8 

Abstract: This article provides an in-depth review on the understanding of load transfer 9 

mechanism in concrete-filled steel tubular (CFST) columns, with emphasis on tube-concrete 10 

interface behaviour, secondly, load transfer to encased concrete by bond strength, and lastly, 11 

load transfer by blind-bolt bearing. This article summarizes the diverse observations on 12 

obtaining a reliable bond strength between infill concrete and steel tube of CFSTs, as this is 13 

the key component that ensures the load transfer from the beam to the column. After assessing 14 

the bond strength, the identification of the zone for load introduction from fin-plate connection 15 

to CFST column is pertinent, as it is assumed to occur through bond strength via an introduction 16 

length, and studies on this aspect have been reviewed in detail. The review further extends to 17 

understanding of load transfer through bearing mechanism of blind-bolts, and provides an 18 

overview of the current developments in blind-bolted connections, which might overcome 19 

some of the challenges related to uncertainties in load transfer through bond strength. The 20 

article aims to highlight the authors’ reflections on exploring and connecting the above-stated 21 

three sub-topics related to load transfer in CFST columns, discussing the challenges, and 22 

concludes by presenting the avenues for futue research. 23 

Keywords: CFST, load introduction, bond strength, bearing, blind bolted connections, review  24 

1. Introduction 25 

The concrete-filled steel tubular (CFST) members have been widely adopted in the 26 

construction industry because of its performance like high strength, ductility, and its aesthetic 27 

appeal. The advantages of CFST includes its ability to carry high loads even in post-yielding 28 

stage, having better fire resistance, and high stability under various dynamic loads [1]. As a 29 

result, these composite members have been adopted even in countries that have active seismic 30 

zones like Australia, China, Japan and the United States. Apart from these advantages, the non-31 

requirement of form works for its fabrication can significantly reduce the construction cost.  In 32 

the literature, a significant amount of investigation on CFSTs can be found. Apart from 33 

investigations on its axial compressive performance, a wide range of experimental testing 34 
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programmes for CFST columns have been conducted that studied its behaviour under cyclic or 35 

seismic loads, and eccentric tension [2-8]. Recently, in addition to the regular geometrical 36 

shapes like rectangular and circular CFSTs, tubes of polygonal geometries, like hexagonal and 37 

octagonal CFSTs have also been studied to a considerable extent [9-12]. Apart from these tests, 38 

experimental investigations on bond-strength and slip are also available in the literature [13, 39 

14]. 40 

The behaviour of CFST member is usually dependent on the composite action of the 41 

surrounding steel tube and the infilled concrete core. To achieve this composite action, it is 42 

important that the load gets distributed in both the steel tube and concrete core, and this can be 43 

easily achieved during the direct axial load tests that are carried out on isolated CFST stub 44 

columns, and can be referred from existing literature [15-18]. As when the load is applied 45 

directly on the top of the CFST stub column, the force is applied simultaneously on the tube 46 

and concrete core, and as a result, composite action is achieved, as shown in Fig. 1. But, in a 47 

realistic condition the load gets introduced to the column via the beam connection, and a part 48 

of the load is introduced via the top. These beam-to-CFST column connections can be either 49 

welded fin-plate connections, or bolted end-plate connections. In welded connections, the steel 50 

I-beam is connected via a fin-plate, which is welded to the column steel tube only, and the 51 

transfer of the load from the steel tube to the concrete core of the CFST column is primarily 52 

dependent on the bond strength between the concrete and steel tube. It is therefore, pertinent to 53 

study the bond strength between the concrete surface and the steel tube of the CFST column.  54 

 55 
Fig.1: Axial loading of CFST stub columns. 56 
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Secondly, in a welded fin-plate connection between the steel beam and CFST column, the load 58 

is transferred through the bond strength within an “introduction length”, based on which the 59 

failure load of the CFST column is determined. Therefore, in this paper detailed review on load 60 

transfer via bond strength mechanism in CFST column is presented. A typical beam-to-CFST 61 

column having welded fin-plate connection is presented in Fig. 2 (a). Lastly, in bolted beam-62 

to-CFST column connections, blind-bolts are usually adopted as the fabrication is easy without 63 

accessing the inner face of the steel tube, and can be tightened with the required torque. Also, 64 

in blind-bolted connections, the bolts can fully penetrate the infill concrete and thus help in 65 

increasing the strength and stiffness of the connection [19, 20]. That is, the transfer of the load 66 

may not fully be dependent on bond strength between the steel tube and concrete surface, and 67 

a considerable amount of load might be transferred to the core by bolt shank bearing. Thus, in 68 

this article, a systematic review of the load transfer by bearing mechanism of blind-bolt in 69 

CFST column is conducted, and thereby highlights the scope of research for enhanced 70 

composite performance. The blind-bolted beam-to-CFST column connection with actual 71 

loading conditions is represented in Fig. 2 (b).   72 

 73 
Fig. 2: Welded fin-plate and bolted end-plate beam to CFST column connections.  74 

The significance of this review lies in the fact that, though a number of excellent state-of-the-75 

art articles on axial compressive behaviour of CFST columns can be found [6, 21-23], including 76 

review on stiffened CFST [24], fire and impact load performance [25, 26], but reviews on 77 

interfacial bond behaviour, load transfer through bond strength and blind-bolt bearing 78 

mechanism are rare. Few reviews on blind-bolted column connections are available in the 79 
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literature [27, 28], but they are based on bare steel tubes, and the recent review by Cabrera et 80 

al. [29] is specifically based on anchored hollo-bolted connections. Due to diverse observations 81 

by researchers on interfacial bond behaviour, insignificant attention and scarce review on load 82 

transfer mechanism via bond strength and blind-bolt bearing necessitates the discussion and 83 

critical analysis of these areas. Therefore, this paper will attempt to focus on the 84 

aforementioned areas, and will drive to figure out the deficiencies in the existing work, and 85 

curve out the need for further research in the area.  86 

 87 

2. Definitions and scope  88 

The composite action in CFST columns refers to continuity of strain in both steel and concrete 89 

components when they are simultaneously loaded at the end of the column [30], as shown in 90 

Fig.1, and is usually conducted to determine the cross-section resistance. In a CFST column, 91 

the bond strength is the shear strength which is developed between the concrete and the steel 92 

section, which is free from oil, grease and loose rust [31] and is prominent when longitudinal 93 

shearing stress is very high. It is of prime importance, in particular, in regions of beam-to-94 

CFST column welded connections, where the external loading is transferred to the column by 95 

bond strength between the inner surface of steel tube and infill concrete. To determine the bond 96 

strength, push-out tests are conducted, where the load is applied only to the concrete core of 97 

the CFST column at the top, and the slip is measured by a transducer at the bottom, as shown 98 

in Fig. 3. Now in CFST columns, the load introduction length is the region via which the shear 99 

loading or the reaction force from the beam connections is introduced into the concrete core of 100 

the column. In connections, the welded fin plate connections are those where the steel beam is 101 

connected to the CFST column via a fin plate, and the load is usually transferred to the concrete 102 

core by bond strength mechanism. Whereas in a blind-bolted connection, the steel beam is 103 

connected to an endplate, through which the blind-bolts penetrate the concrete core of the 104 

column, and thus the load is transferred to the core by bearing mechanism.  105 

 106 

As previously discussed, though there are some existing reviews on CFST axial compressive 107 

behaviour, performance with internal or external stiffeners, and thus, are also out of the scope 108 

of this paper. The bond-strength performance with various stiffeners, bond strength after 109 

exposure to fire, and CFST columns with stainless steel tube are out of the scope of this review. 110 

However, findings on bond-strength behaviour of CFST columns using recycled aggregate, 111 

expansive concrete, high-strength concrete, and concrete with manufactured sand are included 112 

in this review as they are increasingly being adopted as infill materials in CFSTs. Secondly, 113 
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the observations on load transfer in welded shear connections by bond strength are reviewed. 114 

Lastly, load transfer by bearing of blind-bolts in CFST column, types of blind-bolted 115 

connection assemblies, and the influence of important parameters and loading patterns are 116 

reflected upon. Since direct bearing of blind-bolts to CFST column is the focus at the later part 117 

of this review, therefore blind-bolted connections with channel sections, concrete-filled double 118 

steel tubular columns, columns with other internal arrangements, stainless steel CFST, etc. are 119 

out of the scope of this article. The authors have experience in working with blind-bolted CFST 120 

connections, whereas the second and third authors have extensive experience in studying load-121 

transfer mechanisms in CFSTs, the behaviour of CFSTs under different loading conditions, 122 

welded connections in concrete-filled tubes, and thus have highlighted the reflections on the 123 

challenges and future needs in the field. 124 

 125 
Fig. 3: Setup of push-out test for CFST column. 126 

 127 

3. Bond-strength and slip in CFST columns 128 

3.1. Discussions on research findings 129 

The contribution of bond strength and the slip resistance of concrete in steel tubes is considered 130 

the most vital for shear load transfer in CFST column. Other than the significance of cross-131 

section type and the roughness of the tube, the steel tube internal interface needs to be unpainted 132 

and free from oil, grease and rust, and no other factors affecting bond strength is accounted for 133 

in EN 1994-1-1 (2004) [31]. The representative experimental photos during and after the test 134 

are presented in Fig. 4. The major factors influencing the bond strength are discussed in the 135 

following sections.  136 
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 137 
Fig. 4: Bond strength testing procedure, reproduced from [32]. 138 

3.1.1 Steel-concrete interface 139 

The research on bond strengths can be traced back to 1967 [33], which identifies three different 140 

characteristics of shear resistance between steel tube and concrete, namely chemical bond, 141 

fictional and mechanical resistance. A chemical bond refers to the adherence of the cement 142 

paste to the steel surface, and breaking such a bond requires excessive relative displacements. 143 

Secondly, the frictional resistance refers to the interface pressure between steel and concrete, 144 

and thirdly, the mechanical resistance is a physical interlocking of the concrete and steel tube, 145 

which may be attributed to the surface roughness. The investigation by Roeder et al. [34] 146 

identifies more explicitly three interface conditions between the tube and the concrete, which 147 

depend upon the radial enlargement of CFST (Δ1), radial reduction due to the shrinkage of 148 

concrete (Δ2) and amplitude of rugosity of the interior of the tube (Δ3). The possible interface 149 

conditions are: 150 

A: Δ1+ Δ2 ˃ 0                                                                                                                          (1) 151 

B: Δ1+ Δ2< - Δ3                                                                                                                       (2) 152 

C: 0 ≥ Δ1+ Δ2 ≥ - Δ3                                                                                                                (3) 153 

The interface conditions of most CFST columns tend to be in state B or C, and state A cannot 154 

generally be achieved. During the investigation, there was 0 slip as the force application 155 

increases, but it drops after a point where the slip in concrete starts, and as a result, the load 156 

carrying capacity decreases. Refer to Fig. 5, the curve with solid square data points, where a 157 

clear separation occurs in the curve at the ultimate load capacity with an associated amount of 158 

slip and simultaneously resulting in decreasing resistance. At around 140 kN is the breakaway 159 

point of the initial contact between the tube and concrete and marks the beginning of sliding 160 

(a) Application of load      (b) Concrete-steel interface       (c) Slip

(a) (b) (c)
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frictional resistance. This initial transition occurred at loads from 40% to 80% of the ultimate 161 

load which was achieved at slip displacements of around 0.25 mm. The slip displacements 162 

were between 20 and 200 times larger than the initial breakaway slip.  163 

 

Fig. 5: Typical load-displacement (slip) curve [34] 

 164 

The importance of imperfection and interlocking in the concrete and tube have also been 165 

acknowledged by Virdi et al. [35]. The roughness of the steel or the micro locking contributes 166 

to the ultimate bond strength and can be related to the initial stiff region of the load-deformation 167 

curve. The specific motion of the breaking of this bond was observed when the concrete 168 

interface attained a local strain of 0.0035 related to the compressive crushing of concrete. More 169 

works by Shakir-khalil [36] carried 40 push-out tests having variations in shapes and sizes and 170 

investigated the slip behaviour with and without studs within the tube, with and without oil in 171 

the steel-concrete interface. The experiment observed a possible chance for a reduction in 172 

average bond strength due to a larger cross-section, which results in shrinkage, as also stated 173 

by Wium [37]. The sensitivity of the interface was well gauged from comparative results where 174 

the bond strength was reduced to half in the case of an “oiled” steel-concrete interface as 175 

compared to the “dry” steel-concrete interface. The experimental program by Qu et al. [38] 176 

investigated a total of 18 columns having different interface conditions and observed the effect 177 

of the lubricated interface has resulted in slips at very low load levels, as noted by previous 178 

researchers. Qu et al. [39] conducted load-reversed push-out tests on six rectangular shaped 179 

CFST specimens to investigate the nature of the bond and the contribution of chemical 180 

adhesion, microlocking, and macroclocking. Macrolocking was observed to be the dominant 181 

mechanism, followed by microloacking and chemical adhesion. It is noteworthy that the 182 

conventional push-out test does not fully resemble the real scenario where shear loading comes 183 
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from the beam connections in a joint region. A modified push-out test was carried out by Nardin 184 

et al. [40] involving a connection with studs and angles but did not present a comparison with 185 

normal push-out tests and made no commentary on bond strength increase, if any.  186 

 187 

3.1.2 Influence of concrete strength and age, section geometry, aggregate type and 188 

interface length 189 

The works of Wium et al. [37, 41] have identified the importance of concrete shrinkage due to 190 

ageing in the bond strength of CFST columns. Within the column, due to shrinkage in concrete, 191 

there is a reduction in transfer of forces from the tube to the concrete core. Supporting the 192 

findings of Virdi et al. [35], experiments by Shakir-Khalil [36] revealed that circular sections 193 

were much more effective in resisting push-out tests as compared to square and rectangular 194 

sections. The bond strength values of 2 types of rectangular hollow section (RHS) columns 195 

achieved in this experiment were 0.82 N/mm2 and 0.44 N/mm2, whereas the BS5400, Eurocode 196 

EN  1994-1-1 [31], Australian code AS5100.6-2004 [42], and North American code 197 

ANSI/AISC 360-16 [43] provide a value of 0.4 N/mm2. The dimensions were as 120×80×5 198 

mm and 150×150×5 mm for 0.82 N/mm2 and 0.44 N/mm2, respectively, and the reason was 199 

attributed to the section size, where the larger dimension column could have a higher possibility 200 

of shrinkage and thus a lesser bond strength.  201 

Investigations by Roeder et al. [34] had also identified 104 circular and 49 rectangular CFST 202 

tests, which were carried out by previous researchers to investigate the effect of concrete 203 

strength and section geometry, and concluded that the average bond stress of rectangular tubes 204 

was 70% lesser than the average of circular tubes. Also, the concrete compressive strength had 205 

non-consistent effect on the bond strength capacity. The effect of diameter size of tubes along 206 

with diameter to thickness (d/t) ratio was also examined and concluded that with larger 207 

diameters and larger d/t ratios, there are more possibilities for shrinkage, and can lead to lesser 208 

bond capacities. Experiments by Roeder et al. and Tao et al. [34, 44] have observed that the 209 

bond strength decreases with an increase in slenderness for circular hollow sections. In 210 

experiments of Tao et al. and Song et al. [13, 45], the bond strength for circular columns was 211 

0.60 N/mm2 which was reduced to 0.04 N/mm2 when measured after 1165 days, whereas, with 212 

the use of expansive concrete, the value achieved was 1.02 N/mm2 and reduced to 0.76 N/mm2 213 

at 1168 days. But in the case of square columns, the effect of expansive concrete did not seem 214 

very considerable and suggested to use of expansive concrete for circular columns up to a 215 

diameter of 400mm. In the tests conducted by [46] with both normal and expansive concrete 216 
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with square CFST specimens having a dimension of 160 mm observed, an increase in bond 217 

strength by at least 30% compared to specimens using normal concrete. This indicates that the 218 

size of the CFST tube can be crucial for bond strength, with smaller dimension tubes displaying 219 

the beneficial effect of expansive concrete. Investigation with lightweight concrete was 220 

conducted by Mouli et al. [47], and observed improved bond strength as compared to normal 221 

weight concrete. In the experiment by Virdi et al. [35], it was observed that the ultimate bond 222 

strength is not varied with the length of the concrete-steel interface, diameter and thickness of 223 

the steel tube, and concrete strength. 224 

The importance of a reliable bond-slip constitutive relationship for CFSTs for developing 225 

reliable numerical models is very necessary, whereas the only way to attain this is by 226 

considering the average bond stress slip relationship as the basis of a constitutive relationship. 227 

But again, the distribution of bond stress is not uniform along the length of the column. In this 228 

regard, Yin et al. [48] have carried out an investigation to obtain an equation with the help of 229 

position function that can represent the average bond stress-free end slip with influences of 230 

column diameter and tensile strength of concrete that can truly represent the local bond stress-231 

slip behaviour. As evidenced by Fig. 6, the bond stress-slip curve represents three stages, viz, 232 

the non-slip stage, ascending stage, and the residual stage. A theoretical model was proposed 233 

to define the stress-slip behaviour for simplification, as shown in Fig. 7. 234 

  

Fig. 6: Average bond stress-free end slip [48]. Fig. 7: Theoretical model for average bond stress and 

slip curve [48]. 

 235 

The non-slip stage (OA) represents no slippage, and nonlinear behaviour is identified (AB). In 236 

the residual stage (BC), there is a sharp increase in slip without any load increment; thus, the 237 

residual push-out load depends on the friction, and the mechanical interlock is already broken. 238 

An average bond stress-slip curve has been suggested by Yin et al. [48] based on this 239 
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constitutive model. But again, as the average bond stress-slip curve did not represent the local 240 

bond stress-slip, the research group studied several bond stress distribution patterns and bond 241 

slip distribution patterns (refer to Fig. 8) and used position functions to attain another bond 242 

stress-slip relationship that can represent the local bond stress-slip relationship. As mentioned 243 

by the research group [38] that also investigated the influence of concrete strength, cross-244 

sectional dimensions, and interface lengths, observed that the bond stress distribution is not 245 

uniform throughout the length of the column. But the bond stress distribution along the 246 

specimen length is not identical as observed by [48], as there were numerous fluctuations in 247 

the stress distribution at the middle length of the specimen, as can be seen in Fig. 9. 248 

 

 

 
(a) (b) 

 

 

 

 
(c) (d) 

 249 

Fig. 8. (a) Test setup; (b) bond stress distribution under different loading; (c) relative slip curves under different 250 
loading levels; and (d) bond stress-slip relationships of different positions. Reproduced from [48]. 251 

The findings of the experiment also include that there is no effect of length of the interface on 252 

the bond strength, and an increasing of concrete grade corresponds to increased bond strength. 253 

The test by [38] also observed that the bond strength is insensitive to the tube cross-section 254 

slenderness for rectangular hollow sections, which is contrary to the findings of [34, 44] for 255 

circular CFST columns. Other researchers also observed a negligible effect of tube interface 256 



M-11/41 
 

length on bond strength in rectangular CFST specimens [39] and circular CFST specimens 257 

[35], thus confirming that interface length is not a dominant factor for bond strength. Extensive 258 

tests have also been conducted by Lyu et al. [49] to determine the bond strength using recycled 259 

aggregate concrete, and observed cross-section type and cross-section dimensions as the 260 

influential primary factors, and similar bond strength was achieved for both normal and 261 

recycled aggregate concrete. Study by Yang et al. [50] on recycled aggregate observed that 262 

shrinkage and creep strains were 6% to 23% higher than normal aggregate CFSTs. Tests with 263 

manufactured sand from limestone and pebbles were also conducted by Guan et al. [51] to 264 

determine its influence in bond behaviour, and observed higher bond strength than 265 

conventional CFST columns, decrease in d/t resulted in higher bond strength, but the concrete 266 

compressive strength did not have a consistent influence on the CFST bond strength.  267 

 
  

Fig. 9: Bond stress distribution along specimen length [38]. 
 268 

The works of Qu et al. [38] considered a total of 28 data sets comprising the experimental data 269 

from other researchers [36, 44, 52] to determine an empirical equation for bond strength for 270 

RHS columns. The earlier researchers, including Xu et al. and Cai [53, 54], have also proposed 271 

empirical equations based on concrete compressive strength, where bond strength increases 272 

with increasing concrete strength, but did not consider the effect of column section sizes. On 273 

the other hand, Roeder et al. [34] proposed an equation considering only column cross-section, 274 

as the concrete strength does not have a pronounced effect, as discussed earlier. But as both 275 

concrete strength and column dimension is expected to have certain effects on the bond strength 276 

of the CFST, the empirical formula by Qu et al. [38] tries to address both dimensions. 277 

Following a regression analysis, Qu et al. [38] proposed an equation but is valid only for normal 278 

concrete strengths up to 55MPa. Empirical equations proposed by researchers are presented in 279 

Table 1 for ready reference.  280 

Finally, the authors in this article have compiled a total of 279 test results  [13, 32, 34-36, 38, 281 

39, 46, 47, 49, 51, 53], of which 203 test data are for circular CFST, and 76 test data are for 282 
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square/rectangular CFST columns. The test results have been compiled based on a geometric 283 

cross-section as presented in Fig. 10 (a) and (b). 284 

Table 1: Empirical equations to determine bond strength proposed by researchers. 285 

Sl. no. Author CFST 

section 

Proposed empirical equation Remarks 

1 Roeder et al. [34] Circular 𝜏𝜏𝑢𝑢 = 2.109 − 0.026 �𝑑𝑑
𝑡𝑡
� N/mm2 

d: column diameter; t: tube thickness 

d/t no greater than 80 

2 Qu et al. [38] Rectangular 𝜏𝜏𝑢𝑢 = 0.082�𝑓𝑓𝑐𝑐𝑐𝑐 − 0.00105𝐷𝐷 N/mm2 

D: column depth; 𝑓𝑓𝑐𝑐𝑐𝑐: concrete cube 

strength 

Valid up to concrete 

strength of 55MPa 

3 Lyu et al. [49] Circular 𝜏𝜏𝑢𝑢 = 0.24 + 177 �1
𝐷𝐷
� N/mm2 

𝜏𝜏𝑢𝑢 = 0.071 + 4900 � 𝑡𝑡
𝐷𝐷2
� N/mm2 

Tests on recycled and 

normal aggregate 

concrete. 
Square  𝜏𝜏𝑢𝑢 = −0.44 + 58 �1

𝐵𝐵
� N/mm2 

𝜏𝜏𝑢𝑢 = 0.043 + 1100 � 𝑡𝑡
𝐵𝐵2
� N/mm2 

d: diameter; t: tube thickness; B: width 

4 Xu et al. [53] Circular 𝜏𝜏𝑢𝑢 = 0.1 × 𝑓𝑓𝑐𝑐0.44 × �1 + 9.2 ×

�𝑞𝑞 𝑓𝑓𝑐𝑐� �
0.62

� N/mm2 

q: radial prestress; 𝑓𝑓𝑐𝑐: compressive 

strength of concrete 

 

𝜏𝜏𝑢𝑢 = 0.1 ×  𝑓𝑓𝑐𝑐0.44 N/mm2 Without radial pre-

stress 
5 Cai et al. [54] Circular 𝜏𝜏𝑢𝑢 = 0.1 ×  𝑓𝑓𝑐𝑐0.4 N/mm2 

𝑓𝑓𝑐𝑐: compressive strength of concrete 

 

6 Parsley et al. [55] Square 𝜏𝜏𝑢𝑢 = 1.9 + 10,000 � 𝑡𝑡
𝐵𝐵2
� (psi) 

t: tube thickness; B: width 

 

7 Qu et al. [32] Square 𝜏𝜏𝑢𝑢 = �0.71 − 0.01 × 𝐷𝐷
𝑡𝑡

+ 0.0002 ×

�𝑓𝑓𝑐𝑐𝑐𝑐� × � 2.781
1+𝑒𝑒−0.333×(𝐾𝐾−1.75)� N/mm2 

Based on self-

compacting concrete, 

cold-form steel tube  
Rectangle 𝜏𝜏𝑢𝑢 = �−0.216 − 0.011 × 𝐷𝐷

𝑡𝑡
+

0.17�𝑓𝑓𝑐𝑐𝑐𝑐� × � 2.716
1+𝑒𝑒−0.14×(𝐾𝐾−3.83)� N/mm2 

K: the dosage of the concrete expansive 

agent; D: column depth; t: tube thickness; 

𝑓𝑓𝑐𝑐𝑐𝑐: Concrete cube strength 

 286 
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As seen for both circular and square/rectangular CFSTs, there is significant variation in bond 287 

strength even with similar parameters, but it can be stated that circular CFSTs have higher bond 288 

strength compared to the square/rectangular counterparts. In Fig. 10 (a), the trend is very clear 289 

for circular CFSTs, indicating the significant decrease in bond strength with increasing steel 290 

tube diameter irrespective of the type of concrete aggregate, including recycled aggregate and 291 

concrete made from manufactured sand. As can be referred from Fig. 10 (b), showing the 292 

influence of column width of rectangular CFSTs, a gradual steady slope of decrease in bond 293 

strength with increasing width is obtained, but the drop is not as sharp as in circular CFSTs. 294 

When considering the slenderness ratio (d/t) of circular CFSTs, the bond strength decreases 295 

with increase in slenderness, indicating the direct influence of tube thickness as presented in 296 

Fig. 10 (c).  297 

 298 
Fig. 10: Influence of cross-section dimension on bond strength.  299 

 300 
Further, to examine the applicability of the proposed empirical equations by various 301 

researchers, as presented in Table 1, a representative analysis is presented in Fig. 11, where 302 

bond strength is calculated (𝜏𝜏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) by the proposed equations, and  is compared with the 303 

bond strength obtained from the test results  (𝜏𝜏𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚). Fig. 11 (a) presents the comparison 304 

with the equation for prediction of bond strength as proposed by Roeder at al. [34], and Figs. 305 

11(b-c) compares with the equation proposed by Lyu et al. [49] for the circular CFSTs. 306 

Whereas, Fig.11(d) compares the measured bond strength values with the predicted bond 307 
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strength values according to the equation proposed by Qu et al. [38] for rectangular CFSTs. As 308 

can be seen from Figs. 11 (a-d), with all the existing bond strength prediction equations for 309 

both circular and rectangular CFSTs, there exists large scatter in the bond strength values, and 310 

thereby indicating that the existing empirical equations might not be able to accurately predict 311 

the CFST bond strength.  312 

 313 

 314 
Fig. 11: Evaluation of bond strength prediction equations proposed by various researchers.  315 

 316 

Influence of other factors such as combination of sustained loading and corrosion can also lead 317 

to much earlier and severe local buckling in CFST columns as studied by Hua et al. [56, 57], 318 

and thereby can also lead to reduction in bond strength. The influence of long-term sustained 319 

loading and corrosion can significantly reduce the ultimate strength and ductility index, 320 

including loss of steel wall thickness as was observed by Han et al. [58], which can directly 321 

influence the bond strength of the CFST. Moreover, due to coupled long-term loading and 322 

chloride corrosion, the decrease in wall-thickness of the CFST outer tube can lead to load 323 

transfer to concrete core, and shrinkage and creep of concrete could lead to load transfer from 324 

concrete to outer tube [59].  Thus, such loading conditions can be detrimental to confinement 325 

effect of the CFST columns and the tube-wall to concrete interaction will be affected, which 326 

will influence the effective load transfer to the concrete core.  327 
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3.2. Commentary on findings and potential research gaps 328 

According to the findings by various research groups and individuals, it may be stated that the 329 

bond strength plays an important role in load transfer in CFST columns, but the effectiveness 330 

of this strength depends on various parameters. The takeaways from the above-discussed 331 

contents can be summarised below:  332 

a. The EC4-1-1 [31] suggests a bond strength of 0.55 N/mm2 and 0.44 N/mm2 for circular 333 

and square CFST members, respectively. The Australian standard AS5100.6-2004 [42] 334 

does not distinguish between the CFST column cross-sections and suggests a value of 335 

0.4 N/mm2 as the bond strength. Whereas American standard ANSI/AISC 360-16 [43] 336 

provides an upper bound value of 1.4 N/mm2 for circular CFSTs and 0.7 N/mm2 for 337 

square CFSTs. From the authors’ analysis of the compiled 279 CFST test data, it is 338 

found that the mean bond strength for circular CFST is 1.35 N/mm2, and for square 339 

CFST the mean strength is 0.42 N/mm2. Thus, for circular CFSTs, the American code 340 

provides a similar value, whereas for square CFSTs, the European and Australian code 341 

provide a closer value. 342 

 343 

b. Concrete shrinkage has been given due importance by the researchers as it reduces the 344 

bond strength within the tube. The factor of shrinkage is related to the age of concrete, 345 

and thus, the average bond strength achieved by the tests at 28 days deteriorates rapidly, 346 

which again questions the validity of the use of the obtained bond strength in structural 347 

design. A relation of bond strength with concrete age needs to be established to have 348 

an optimal design process.  349 

c. Experiments on the effects of concrete strength have been found to have contrasting 350 

remarks. Works by research groups like [35] and [34] have found no effect of bond 351 

strength due to increasing concrete strength, whereas [38, 53, 54] have found links 352 

between increasing bond strength with increasing concrete strength. But, [38] has 353 

stressed both strength and cross-section as both factors play a role in the bond strength. 354 

For obtaining a general formulation on bond strength based on concrete strength and 355 

cross-section, more extensive research needs to be conducted.  356 

d. The better performance of circular columns over rectangular columns is pronounced in 357 

the studies. The larger diameter of the column and larger d/t ratios can also be 358 

detrimental to bond strength. There is also no consensus on the influence of column 359 

interface length on the bond strength value.  360 
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e. The use of expansive concrete can be highly beneficial in increasing the bond strength. 361 

Thus, more experiments involving both effects of column cross-section and expansive 362 

concrete can be taken up. 363 

f. The existing empirical equations proposed by various researchers may not accurately 364 

predict the bond strength, and a large discreteness is observed when compared with the 365 

predicted and experimental values. Therefore, an empirical equation that incorporates 366 

more parameters might be suitable to closely predict the bond strength. 367 

 368 

4. Load transfer through bond strength   369 

4.1 Discussions on research findings 370 

In a CFST column, it is expected that both the concrete and the steel tube work in unison to 371 

transfer the shear load and thus, a full composite action is achieved. The international standards 372 

like the Eurocode 4, AISC 360-16, and CIDECT [31, 43, 60] were developed by considering 373 

strain compatibility in both steel and concrete in the CFST columns and confirming full 374 

composite action. But as most of the tests on CFST involve axial loading from the top of the 375 

column on both steel and concrete, the composite behaviour was easily obtained, but, in a 376 

realistic situation, a part of the load is applied from the top, and the other part is applied via the 377 

connecting beams using shear connections (as shown in Fig. 2). In such a situation, where loads 378 

are communicated via two ways, the beam reaction force might not be able to be fully 379 

transferred to the infilled concrete core, and hence the desired composite action may not be 380 

achieved [61]. Once the beam shear connection is fabricated and a load path is determined for 381 

the introduction of the external forces to the column, the steel-concrete interface should be 382 

designed to transmit the longitudinal shear and obtain force equilibrium within the column 383 

composite section [43]. To transfer this longitudinal shear force into the CFST column, a load 384 

introduction region is specified whose interfacial bond strength is utilised for the load transfer.  385 

4.1.1 Early findings and codal provisions 386 

The initial works on load introduction can be traced back to 1987 by Dunberry et al. [62], where 387 

a total of four test series have been carried out with square concrete-filled columns of varying 388 

sections and height and loaded from both tops of the column and via the beam connections. It 389 

was observed that the ultimate load of the columns loaded via shear connectors is less than the 390 

ultimate load of the stub column with the same sectional properties, with the greatest decrease 391 

being 8%, which indicated an inability of the connection to transfer the entire load into the core. 392 
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When a load is applied from both top and via the connections, a zone of strain incompatibility 393 

is observed within the connection length, which is said to indicate relative slip between the steel 394 

and concrete and extends up to a length of 3b-3.5b below and 1b-2b above the connection (b, 395 

being the width of square column). The test observed that having enough length above the 396 

connection (approximately 2b) or capping the top of the column can result in a load transfer 397 

mechanism. The CIDECT guideline [60] on load introduction length is based on the 398 

observations of Dunberry et al. [62] and also recommends a reduction in concrete strength for 399 

obtaining the composite column cross-section capacity for all types of simple shear connections 400 

if full load introduction is not achieved and no shear connector is used.  401 

 402 
Fig. 12: Load introduction regions as per different international standards. 403 

 404 

The current code-based provisions in Eurocode 4 [31], AISC specification ANSI-AISC 360-16 405 

[43], and Buildings and Construction Authority guide BC4:2021 [63] of Singapore, the load 406 

transfer is assumed to occur through an introduction length. Eurocode 4 states the length to be 407 

a minimum of 2b or L/3, where b is the lesser transverse dimension of the column and L is the 408 

length of column, though it is not explicitly mentioned if the transfer length above or below the 409 

connection. Whereas, the BC4:2021 indicates that the load transfer length ranges from centre of 410 
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the connection region towards the lower direction of the column. The AISC specification states 411 

the load introduction length for shear connections as no more than twice the minimum transverse 412 

dimension of a rectangular CFST column or twice the diameter of a circular CFST column, both 413 

above and below the load transfer region. The regions of load introduction as stated by various 414 

international codes are represented as in Fig. 12. Also, as per AISC, the nominal strength in the 415 

force transfer mechanism by shear connection is dependent on the load introduction length. 416 

Also, for the transfer mechanism by direct bond, interaction is dependent on both load 417 

introduction length and nominal bond stress. The Eurocode 4, AISC code and BC4 also suggest 418 

using shear connectors or steel anchors within the introduction length if the design shear strength 419 

within the length is exceeded, so that load can be easily transferred to the infilled concrete core. 420 

Also, the slip between the steel tube and concrete surface may not be large enough to enable the 421 

shear connectors to develop their own design strength, as typical shear studs require about 2.5 422 

mm slip before their strength is fully mobilized, whereas the actual slip is generally less than 423 

0.6 mm and thus the effects of studs may be ignored [64].  424 

 425 

4.1.2 Recent observations  426 

The most recent works conducted by Mollazadeh et al. [61, 65, 66] on the load transfer 427 

mechanism in CFST columns have attempted to redefine the load introduction length and 428 

proposed a new column cross-section resistance formula based on the findings. The test program 429 

comprised of five load introduction tests with a varying length above the connection, with and 430 

without capping and with and without shear studs below the connections (Fig. 13 and Fig. 14). 431 

But unlike Dunberry et al. [62], the loading was through shear connectors only using fin plates, 432 

where the connectors were welded to the column steel, as shown in Fig. 14. The study observed 433 

that the load was introduced from the beam to the infilled concrete core via the column length 434 

above and within the connection and via the cap, provided a cap is welded at the top of the CFST 435 

column. The length below the connection has been found to have no effect on load introduction, 436 

which is contrary to the recommendations of EC4, ANSI-AISC 360-16, CIDECT and BC4. The 437 

results state that specimens with a long length above the shear connection or with a capped 438 

column, both concrete and steel, reached their respective peak stress and yield strain just below 439 

the connection, indicating complete load introduction (Fig. 15).  440 
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Fig. 13: Specimens with a varying length above the 
connection region [66]. 

Fig. 14: CFST column test setup for investigating load 
transfer mechanism [66]. 

 441 

It was observed that, increasing the column length above the connection region increases the 442 

force in the concrete core, and can attain full plastic resistance below the connection, but samples 443 

without enough length above the connection could not achieve the full strength and load is 444 

merely transferred from steel to concrete core (Fig. 16). Based on the experimental 445 

investigations, the research group proposed a new column cross-section resistance equation: 446 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐 =  𝑃𝑃𝑠𝑠 +  𝑃𝑃′𝑐𝑐                                                                                                                       (5) 447 

𝑃𝑃𝑠𝑠 =  𝐴𝐴𝑠𝑠𝑓𝑓𝑦𝑦                                                                                                                                (6) 448 

𝑃𝑃′𝑐𝑐 = 𝑀𝑀𝑀𝑀𝑀𝑀 {𝑃𝑃𝑃𝑃 × ( 𝐿𝐿𝑎𝑎 +  𝐿𝐿𝑐𝑐  ) ×  𝜏𝜏,𝐴𝐴𝑐𝑐𝑓𝑓"𝑐𝑐                                                                              (7) 449 

where Pcal is the maximum load of the CFST column; Ps and P’c  is the load in tube and concrete 450 

core, respectively, at the bottom of connection; As is the cross-sectional area of tube section; fy 451 

is the yield strength of the tube; PE is the perimeter of the steel-concrete interface; La is the 452 

length of column above connection; Lc is length of connection; τ is tube-concrete interface bond 453 

stress; f’’c is the uniaxial compressive cylinder strength of the concrete.  454 
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Fig. 15: Micro strain of steel and concrete just below the connection [66]. 

 
Fig. 16: Distribution of forces in tube and concrete having column length (a) 200 mm and (b) 1400  mm above 

connection [61]. 
 455 

The EC4, AISC 360 and BC4 recommend providing shear studs (or steel anchors, as per AISC) 456 

in the load introduction length if the design shear strength exceeds the interface between the 457 

steel and concrete in the CFST column. But in the testing programme of Mollazadeh et al.[66] 458 

it was observed that providing welded shear connectors like studs below the connection region 459 

merely transmits the load from the tube to the concrete core without any enhancement of the 460 

total laod in the column. Another recent study on the load transfer mechanism was conducted 461 

by Xu et al. [67], where investigation was conducted with steel-encased CFST column having 462 

shear connections. It is significant to note that the load transfer in each component, steel tube, 463 

concrete, and encased angle initiated from the region of the column above the connection, as 464 

presented in Fig. 17. The findings include that the load introduction length of 2d above the 465 

column connection region was conservative for compact sections but overestimated for non-466 

compact and slender sections. And below the connection region, the load introduction region 467 

was close to the connection, possibly due to geometric discontinuity and pinching effect, and 468 

thus the load introduction immediately below the connection region can be neglected. 469 

 470 
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 471 
Fig. 17: Test setup and force distribution in each component of the CFST column [67]. 472 

4.2 Commentary on findings and potential research gaps  473 

As observed, there are significant differences in early observation, codal provisions, and recent 474 

findings on load transfer mechanism by bond resistance for CFST columns having shear 475 

connection. Further remarks on the existing findings and potential research gaps are presented 476 

as follows:  477 

a. In the experimental program of Dunberry et al. [62], most of the specimens had steel 478 

capping at the top of the column, but this configuration would only be considered in 479 

top-floor columns; secondly, many specimens had an experimental failure. Further 480 

investigation with part loading from column top and part loading via shear connection 481 

without column capping needs to be conducted to understand the load introduction 482 

mechanism with varied column slenderness, connection type (extended end-plate, short 483 

end-plate), and varied length above connection region.  484 

b. The research investigations of Mollazadeh et al. and Xu et al. [66, 67] confirms that the 485 

load introduction occurs from above and within the column connection. More 486 

investigation is required to understand how much the compressive strains generated in 487 

the concrete core above the connection are balanced by the tensile strain generated in 488 

the steel tube above the connection, and thus also to assess the degree of designing the 489 

column above the connection for the additional load transferred from the connection 490 

below. 491 

c. As seen in Eq. (7), the load transfer is dependent on the bond strength of steel tube and 492 

concrete interface. Therefore, calculating or predicting an unrealistic bond strength 493 

based on the empirical equations (as seen in Fig. 11) could possibly influence the 494 

estimation of the cross-sectional resistance of the CFST. Therefore, the calculation of 495 

a more accurate bond strength is necessary, as discussed in Section 3.2.  496 
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d. Though the shear studs merely transfer the load from the tube to the concrete core, the 497 

effectiveness of shear studs in reducing the tube stress and local buckling along the load 498 

introduction length can be investigated. Tests with shear studs in the connection region, 499 

column region above the connection region need to be conducted to check the 500 

effectiveness of shear studs in load transfer to the concrete core. 501 

e. All the existing research on load introduction length is based on shear connections of 502 

steel beams welded with the column tube, and any observations based on the bolted 503 

connection are not found. Investigation with anchored blind-bolted connections could 504 

possibly redefine the hypothesis of load introduction length in CFST columns.   505 

f. It also remains to be investigated about the load introduction length for compact, non-506 

compact and slender members with the different internal construction of CFST like, 507 

with internal diaphragm plates, external diaphragm plates, beam connections with steel 508 

corbel, etc. configurations.  509 

5. Load transfer by bearing of blind-bolt 510 

5.1 Discussions on research findings 511 

This section presents the review on load transfer by bearing of blind-bolts in CFST column. 512 

An exhaustive compilation of available blind-bolted CFST column connections in the literature 513 

is not intended. Rather the authors’ perspective on how load transfer and composite behaviour 514 

of the CFST column can be enhanced by adopting blind-bolted connection, factors the 515 

influence its behaviour, and future directions for overcoming issues of load transfer through 516 

bond strength (as discussed in section 3 and 4) are reflected here. Generally, composite 517 

construction has three varied connection types, viz: welded connection, bolted connection, and 518 

a combination of welded and bolted connection in a single joint. Apart from these, steel beams 519 

passing across the CFST composite column, transferring load by full bearing on the concrete 520 

core is also an effective load transfer mechanism [68]. But in such cases, though better 521 

composite action may be achieved, but steel beams passing through the columns in interior 522 

joints and for smaller diameter columns may be cumbersome. Amidst various connection types, 523 

direct blind-bolted connections have been explored to a lesser extent, and currently no 524 

guidelines are available for such bolted connections [69] and thus, the benefits and functioning 525 

of blind-bolted connections from previous works are featured here.  526 

5.1.1 Blind-bolts for enhanced composite action 527 
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Though welded connections in steel-beam and CFST columns are more widely used [70], the 528 

use of bolted connections has been limited due to the excessive slippage of bolts, column tube 529 

wall deformation, and low moment-resisting capacity [71]. Moreover, welded connections 530 

have to deal with heat-affected zones and fabrication can be expensive owing to requirement 531 

of skilled workers. Whereas, these issues can be overcome by adopting blind-bolted 532 

connections that offers faster fabrication, stability and less cost [71]. The Lindapter hollo-bolt, 533 

Ajax blind-bolt, Flowdrill bolt, and Molabolt are the most used bolt for connection fabrication, 534 

and they have been modified in several arrangements to enhance their performance for 535 

moment-resisting frames.  536 

Shakir-Khalil [72] conducted tests with the use of fin-plates welded with the CFST columns, 537 

where the steel beam was assembled with the welded fin plate by using bolts. In this testing 538 

program, shear connectors were adopted to investigate the effective transfer of beam loads to 539 

the infilled concrete of the CFST, and reported failure due to yielding of shear plates and 540 

bearing failure around the bolt holes. An analysis of six distinct connection types with circular 541 

CFST columns was conducted by Alostaz et al. [73], which involved investigation of simple 542 

connections, through steel bars, through plate connection, and headed bolts embedded in the 543 

concrete core. The findings revealed that the elastic stiffness and inelastic performance of the 544 

connection have significantly increased with the presence of headed stud connection, as shown 545 

in Fig. 18. Interestingly, it was also noted that, the studs located away from the beam web did 546 

not contribute much for the flange tensile capacity. 547 

Investigation on blind-bolts by Goldsworthy et al. [74] with various forms of welded extensions 548 

were conducted, where the blind-bolts were welded with straight bars and cogged bars, that 549 

were embedded in the concrete core. The effectiveness of the bolts with cogged bars in 550 

improving the strength and stiffness parameters of the T-stub connection in tension was 551 

significant, and for the bolts with straight bars, there has been a rise in the secant stiffness.  552 

Yao et al. [75] developed a moment-resisting connection for circular CFST columns by 553 

modifying the standard Ajax blind bolts (Fig. 19 (a)). The bolts had a cogged extension, as 554 

shown in Fig. 19(b), that enables it to enhance the pull-out capacity. The test exhibited 555 

improved strength and stiffness that can help transferring moments from the beam to the CFST 556 

column. The cogged bar extension enhances the behaviour in tension due to anchorage in the 557 

concrete core. The research group [76] carried out the test on connections to rectangular CFST 558 

columns using the same type of blind-bolts, and the connection was classified as rigid 559 
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connection for braced frames and stiff semi-rigid for unbraced frames. But fabrication of such 560 

cogged connections can not only be difficult, but also might have brittle fracture of the extended 561 

cogged part which is welded, and therefore, the headed anchored blind-bolt was proposed (Fig. 562 

19(c)) by Agheshlui et al. [77]. The experimental program involved direct pull-out test of the 563 

blind-bolted connections, where the specimens having anchored blind-bolts failure commenced 564 

with concrete cone formation, followed by tube wall yielding or necking of the bolt shank. 565 

Also, it was observed that blind-bolts closer to the corners of the column faces contributed for 566 

higher strength and stiffness relative to blind-bolts in the middle of column face due to the 567 

transfer of load to the tube side face.  Moreover, the bolts in the middle face of the column 568 

section were not effective in group behaviour, for both strength and stiffness. A further 569 

modification of the headed Ajax blind-bolt by Oktavianus et al. [78] called the Double Headed 570 

Anchored Blind Bolt (DHABB) (Fig. 19(d)) is also found to have a higher secant stiffness 571 

under cyclic loading. 572 

 
Fig. 18: Connection with interior-headed studs [73]. 

 573 

The Linadpter hollo-bolt (Fig. 19(e)) has also been modified to enhance the global connection 574 

performance. Proposed and investigation by Pitrakkos et al. [79] on the modified hollo-bolt, 575 

called the Extended Hollo-bolt (EHB) (Fig. 19(f)) that comprises the expandable sleeve, shank, 576 

nut, and washer, and includes a pre-load which is applied at the tightening stage, has been 577 
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explored to evaluate its structural performance. The EHB is modified by extending the existing 578 

shank length and providing a nut, and the primary purpose is to have an anchorage into the 579 

concrete core of the CFST column, as presented in Fig. 20. Due to the mechanical anchorage 580 

provided by the headed nut of the blind-bolt, the connection displayed significant enhancement 581 

in strength and stiffness, and thereby considerably reducing the deformation and relative slip. 582 

Other performance parameters like rotation capacity, ductility and cyclic energy dissipation 583 

were also assessed for the extended hollo-bolted CFST connections [80]. The failure modes of 584 

the CFST column connection with EHB under tensile loading have been extensively studied 585 

by Tizani et al. [80-82], and prominent failure modes include bolt shank fracture and column 586 

tube wall deformation. Experimental, numerical, and analytical investigation of EHB 587 

connections with CFST column having combined failure mode of concrete crushing and tube 588 

wall bending was studied by Debnath et al. and Cabrera et al. [83-86], and observed 589 

effectiveness of EHB in enhancing the concrete contribution in resisting the applied forces. 590 

The major failure patterns identified were, a weak blind bolt – strong CFST, having bolt shank 591 

necking and limited tube wall yielding; and strong blind bolt – weak CFST, having concrete 592 

cone failure, column surface deformation and failure of bolt expandable sleeve. As observed 593 

by Oktavianus et al. [69], use of higher bolt diameter does not have a significant increase in 594 

stiffness if not accompanied by an increase in embedment depth or reduction in column 595 

diameter to tube thickness ratio. 596 

A further modified version of the hollo-bolt was proposed by Jeddi et al. [71] called the Tube 597 

Bolt (Fig. 19(g)), that have two expendables sleeves with an headed anchor nut. The first sleeve 598 

can clamp to the column-face, and the second sleeve and the end anchor member can prevent 599 

the bolt slippage in the concrete core. As a result, load bearing capacity of the tube bolt was 600 

enhanced by 2.25 times as compared to the EHB as proposed in [79]. Investigation was also 601 

conducted by Tao et al. [3] by adopting  standard hollo-bolts, but also had reinforcing bars at 602 

the connection region, and observed an increase in initial stiffness by 62% and reduction in 603 

separation between column tube wall and concrete.  The T-head square-neck one-side bolt (Fig. 604 

19 (h)) proposed by [87] though tested with hollow steel column (without infill concrete), 605 

provides another alternative to fabricating steel beams to closed-section columns like CFST. 606 
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(a) Standard blind bolt (Ajax Fasteners) (b) Cogged bolt [75] (c) Headed anchored blind bolt 

 

 

 

 

 

 

 

 

 

(d) Double-headed anchored 

blind bolt [78] 

(e) Hollo-bolt (Lindapter) (f) Extended hollo-bolt (g) Tube bolt [71] 

        
 

 

 

 

(h) T-head square-neck one-

side bolt [87] 

 (i) Slip-critical blind bolt (j) Hi-shear bolt (Ajax 

Fasteners) 

(k) Toggle type blind bolt 

(Midfix) 

Fig. 19: Blind-bolts and their various modified forms.  
 607 

Another recent novel bolt proposed by Wang et al. [88, 89] that introduces a slip-critical blind 608 

bolt (Fig. 19(i)) was investigated and performed well in displaying strength, stiffness, and 609 

ductility under cyclic loading conditions. Thus, the blind bolts that have been modified either 610 
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by a cogged bar or extended shank or (and) an additional expandable sleeve with a headed nut 611 

for anchorage into the concrete core of the CFST column have considerably improved the 612 

concrete contribution in resisting the applied external load, thereby enhancing the composite 613 

behaviour of the column. In addition to these modified blind-bolts, the conventional bolts that 614 

are used and currently available in the market and mostly manufactured in Australia and UK 615 

are shown in Figs. 19 (j)-(k). Further studies on numerical modelling and performance on blind-616 

bolted CFST connections under direct tensile loading can be sourced from the works of 617 

Debnath et al. [90]. 618 

 619 
Fig. 20: Connection with standard and modified hollo-bolt showing anchorage/bearing in concrete. 620 

 621 

5.1.2 End-plates in connection performance 622 

The type of endplate has always been an influencing factor in determining the performances of 623 

the open steel beam to CFST column blind-bolted connections. In the literature search for steel 624 

beam blind-bolted connection to CFST column, primarily four types of end-plates are adopted. 625 

They are, flush end-plate (Fig. 21 (a)), extended end-plate (Fig. 21 (b)), T-stub end-plates (Fig. 626 

21 (c)) and L-stub end-plate (Fig. 21 (d)) connections. The test by [91] on the behaviour of 627 

flush end-plate showed that the performance of connection is affected by the thickness of the 628 

end-plate, and column cross-section. Another investigation of the structural performance of 629 

blind bolted endplate composite connections to CFST columns by Thai et al. [92] observed the 630 

effects of column shapes and endplate types in composite joints under static loads. The findings 631 

include that, the circular CFST column shaving extended end-plates can effectively reduce the 632 

transverse deformation as compared to the square CFST columns having flush end-plates. The 633 

Confined 
concrete 

Steel tube

Hollo-bolt

Confined 
concrete 

Steel tube

Extended 
hollo-bolt

Anchorage

Tensile loadTensile load

(a) Connection with standard 
hollo-bolt in CFST member

(b) Connection with extended 
hollo-bolt in CFST member
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beneficial effect of extended end-plate can also be gauged from the fact that it exhibited higher 634 

moment resistance and initial stiffness as compared to the connections having flush end-plate. 635 

Though not many works on a thorough-bolt connection are found, an investigation by Tao et 636 

al. [93] on cyclic behaviour of composite joints using through-bolt connection with flat and 637 

curved extended end-plates having 10 mm thickness was adopted for joint fabrication for 638 

square and circular CFST columns, respectively, and found to have high energy absorption 639 

capacity. The thickness of the endplate also enhanced the rotation stiffness and moment 640 

capacity of a connection and thus supports the claim by Wang et al. [91]. Though another 641 

parametric study carried out by Wang et al. [94] observed that the moment carrying capacity 642 

and initial connection stiffness increases with an increase in thickness of the flush endplate till 643 

the thickness is 16 mm, but it seems to have no effect beyond this thickness. The investigation 644 

also reports the influence of steel tube strength, diameter of the blind-bolt, applied bolt 645 

pretension, and beam-column yield strength ratio on ultimate moment-resisting capacity of the 646 

blind-bolted end-plate CFST column connection. The effect of higher diameter blind-bolt is 647 

also reflected in the investigation of Jeddi et al. [71]. 648 

Contrary to the observations made by [94], the investigation by [95, 96] demonstrated that 649 

using moderately thick end-plates can lead to enhanced strength both for extended and flush 650 

type end-plate connections. Apart from exhibiting high strength and stiffness, the blind-bolted 651 

extended end-plate connection also displayed excellent rotation capacity thereby meeting the 652 

requirements for higher seismic performance. Also, in the study by [97], comparing the flush 653 

and extended end-plate, the extended end-plate displayed higher bearing capacity and initial 654 

stiffness of the frame.  Apart from flat T-stubs as used by Pokharel et al. [98], curved T-stubs 655 

have also been adopted for CFST blind-bolted connection assemblies as shown by Oktavianus 656 

et al. [78]. From the experimental investigation involving curved T-stub connections, the flange 657 

thickness of the stub has been regarded as the most influential parameter as it can enhance the 658 

secant stiffness of the connection, and thereby, recommended a minimum value of flange 659 

thickness as 1.25 times the blind-bolt diameter, as suggested in the studies of Oktavianus et al. 660 

[78]. It is also reported that the use of blind-bolts with stub plates decreases the effect of 661 

increasing thickness of the T-stub flange, and thus investigation for defining the higher limit 662 

of flange thickness is required. For the investigation with anchored blind bolts using L-stub 663 

plates by Agheshlui et al. [77], failure modes of concrete cone failure, L-stub yielding, and bolt 664 

failure were observed, but any parametric study on L-stub thickness and its other configuration 665 

was not included in the investigation. 666 
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(a) Flush end-plate [96] (b) Extended end-plate[95] 

 
 

(c) T-stub end-plate connection [99] (d) L-stub end-plate connection [77] 

Fig. 21: Forms of different end-plates, having blind-bolted beam-to-CFST column connection.  

 667 

5.1.3 Blind-bolted connection assemblies  668 

In the literature, several studies on directly blind-bolted CFST column connections are 669 

available, where the primary focus was on developing semi-rigid or rigid connections as it is 670 

generally assumed that the bolted connections though having sufficient tying and shearing 671 

resistances but are considered pinned connections. In this sub-section, the different types of 672 

blind-bolted CFST column connection assemblies that displayed rigid or semi-rigid behaviour 673 

are reviewed. The experimental investigation with cogged blind bolts having CFST column 674 

connection by Wang et al. [97] under cyclic loading exhibited semi-rigid behaviour having 675 

large hysteretic loops, high ductility, and energy dissipation capacity. The large-scale testing 676 

by Agheshlui et al. [100], which involved the use of Ajax anchored blind-bolt and through bolts 677 

to fabricate the CFST column connection designed along with composite slab, investigated the 678 

joint under gravity and cyclic loadings. The investigation showed that the proposed connection 679 
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has high stiffness and capacity, and it can be categorized as a semi-rigid connection as per 680 

Eurocode 3. Composite beam to CFST column flush end-plate connections using Ajax blind-681 

bolts were tested by Mirza et al. [101] that compares connection setup under static and quasi-682 

cyclic loading. It was observed that composite beams with semi-rigid connections performed 683 

well under severe earthquakes. 684 

The standard Ajax blind-bolts were also used by Waqas et al. [102] to test full-scale composite 685 

beam-to-CFST column connection under static and cyclic loading. The authors observed that 686 

the semi-rigid composite connection displayed satisfactory yielding, strength, and ductility. 687 

The rotational stiffness of the steel beam-to-CFST column connections using the extended 688 

hollo-bolt was investigated by Tizani et al. [103], where the connection was assessed for its 689 

moment performance.  690 

It was observed that all the connections failed by bolt fracture in tension and thus achieved full 691 

capacity of the connectors, and though the tube thickness and concrete infill influenced the 692 

behaviour but did not dominate. The connections mostly exhibited semi-rigid behaviour, and 693 

none of the specimens behaved as pinned joints. The hysteretic performance of steel beam-to-694 

CFST column using extended hollo-bolt was also evaluated by the same research group [80] 695 

and observed no damage in the extended part of the blind-bolt, signifying its performance for 696 

improvement of strength and stiffness of the connection. The failure mode of strong bolt – 697 

weak CFST column demonstrated higher energy dissipation and ductility ratio and, therefore, 698 

can be adapted for moment-resisting frames.  699 

Apart from the above tests, circular and square CFST column connections with blind-bolt 700 

having welded rebar extension were also explored by Wang et al. [104] subject to cyclic loading 701 

and assessed the connection performance, including the anchorage action of the modified bolt. 702 

All the joints displayed semi-rigid behaviour, with most of them having full strength as per the 703 

classification of Eurocode 3. A similar type of anchored blind bolt called the threaded sleeve 704 

bolt was used by Liu et al. [105] to fabricate steel beam to CFST column connection and 705 

subjected to cyclic loading. The investigation observed that the proposed connection behaved 706 

as a rigid and full-strength non-sway frame. A layout of different blind-bolted CFST column 707 

connection assemblies that behave as semi-rigid or rigid moment connections is presented in 708 

Table 2. 709 

 710 

 711 
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Table 2: Layout of different connection assemblies of blind-bolted CFST moment connections. 712 

Sl. 

No. 

Author CFST 

section 

Type of blind 

bolt used 

Applied 

loading 

Connection configuration 

1 Wang et al. [97] Square Cogged or 

hooked-type 

blind-bolt 

Cyclic 

 

2 Agheshlui et al. 

[100] 

Square Ajax anchored 

blind-bolt and 

through bolt 

Monotonic 

and cyclic 

 

3 Mirza et al. [101] Square Ajax blind-

bolts 

Monotonic 

and cyclic 

 

4 Waqas et al. 

[102] 

Square Ajax blind-

bolts 

Static and 

cyclic 

 

5 Tizani et al. [103] Square Lindapter 

anchored 

hollo-bolt 

Monotonic 

 

6 Wang et al. [104] 

[95] 

Circular 

and square 

Rebar welded 
to blind-bolt 

 

Monotonic 

and cyclic 

 

7 Liu et al. [105] Square Sleeve bolt 

having 

anchorage 

 

Cyclic  
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5.2 Commentary on findings and potential research gaps  713 

The purpose of reviewing standard CFST blind-bolted connection is to provide with the 714 

understanding of effective load transfer to encased concrete by bearing, factors influencing 715 

connection behaviour and highlighting its moment-resisting capacity. Secondly, the review 716 

presents a direction towards enhanced composite action of CFST. The prominent findings and 717 

potential research gaps are stated as follows:  718 

a. In group performance of bolts, the positioning of blind-bolts is important, as gauged 719 

from literature. Research investigation on anchored blind-bolt positions in group 720 

performance is required. 721 

 722 

b. The use of cogged bars and cogged extensions by welding in blind bolts have found to 723 

achieve higher stability, but using them may not be feasible. Therefore, the headed 724 

anchored ajax blind-bolts or hollo-bolts may be used preferred as there is no welding 725 

of the extended shank with the original shank length. 726 

 727 
c. Double-headed anchored blind-bolt and tube bolt have been observed as the most 728 

effective blind-bolt based on tensile pull-out tests. To further evaluate their 729 

effectiveness, the group performance with different gauge and pitch distances of these 730 

blind bolts remains to be investigated as there might be overlapping concrete cone 731 

stresses. 732 

 733 
d. Experimental investigation on steel beam to CFST column connections with a group of 734 

anchored hollo-bolts are found to behave as semi-rigid moment-resisting frames, but it 735 

was observed that most of the testing programmes had rigid end-plate, thus ignoring its 736 

influence. To evaluate the connection performance from a practical perspective, 737 

investigating of steel beam-to-CFST column connections having thin end-plates needs 738 

to be conducted which will consider the prying action. 739 

 740 
e. As most of the test results on beam-to-CFST column connections with anchored blind-741 

bolts exhibited excellent performance when subjected to both monotonic and cyclic 742 

loading, this could possibly be due to effective load transfer to the concrete core with 743 

the help of anchored blind-bolt shank. This indicates that the blind-bolt protrusion to 744 

the concrete core can also overcome the issues of bond strength. 745 

 746 
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f. Investigation into the load introduction mechanism of the beam-to-CFST connections 747 

using anchored blind-bolts needs to be carried out as the region of load introduction 748 

length for such connections might be significantly distinctive from the existing 749 

knowledge, which is based on welded shear connections. 750 

 751 
g. The design guidance as provided in Eurocode 3 Part 1-8 [106] for steel joints is limited 752 

to structural joints between open and built-up welded profiles, and no component-based 753 

design guidelines are available, and thus more investigation to fully exploit the 754 

individual elements that contribute to the overall deformability of the connection is 755 

needed. 756 

 757 

6. Conclusions 758 

The article presents an up-to-date review and analysis of the existing research and findings on 759 

understanding load transfer in CFST columns, which includes interfacial bond behaviour, 760 

transfer of load though bond strength and blind-bolted bearing mechanism. The idea of 761 

presenting the above-mentioned specific areas are not only because there are rare state-of-the-762 

art reviews on these topics, but also to connect them to each other that can effectively address 763 

the issues that are inter-related. For the bond strength in CFST columns, the previous research 764 

on factors influencing bond stress, empirical equations for prediction of bond strength, and data 765 

from a wide range of sources were collected and analysed. For the load transfer though bond 766 

strength mechanism, the existing and current knowledge along with the code provisions have 767 

been reviewed, and the scope for further investigation is laid out. For understanding load 768 

transfer though bearing mechanism of blind-bolts in CFST columns, the development of 769 

various types of high-strength blind-bolts, factors influencing the composite action of CFST, 770 

and the performance of these connections as semi-rigid or rigid connections have been 771 

discussed elaborately. Research in the discussed sectors with innovative use of expansive 772 

concrete, high-strength steel, high strength concrete can also open new trends and supplement 773 

the existing works. It is expected that the article will provide encapsulation for the three broad 774 

topics on CFST, and for in-depth details of the investigations the reader may easily access the 775 

references listed at the end of this article. 776 

 777 

 778 
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