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Abstract: Building upon a previous investigation, this study reports a total of 13 experimental tests on austenitic and 12

duplex stainless steel T-stubs subject to monotonic loading. The structural behaviour of the tested T-stub specimens, 13

including load versus displacement (F- ) curves and corresponding failure modes, was obtained and is reported herein. 14

The experimental tests were replicated by finite element (FE) analysis, and upon validation of numerical models, a 15

comprehensive parametric study including 168 FE models was conducted to investigate the effects of key parameters 16

such as material grade, bolt preloading, bolt diameter and flange thickness on the structural response. Based on both 17

experimental and numerical results, the suitability of the design provisions for the determination of the plastic 18

resistance specified in EN 1993-1-8, proposed extensions thereof by Demonceau et al. to cover T-stubs with four bolts 19

per row for stainless steel T-stubs as well as the design method codified in Chinese code JGJ 82 were assessed. Novel 20

design methods for the determination of the initial stiffness and the plastic resistance of stainless steel T-stubs, 21

accounting explicitly for the observed structural response and the pronounced material strain hardening were 22

developed. The proposed design methods lead to improved and more consistent capacity predictions and their adoption 23

in design standards is recommended herein. 24

 25
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1 Introduction 27

Basic components of bolted beam-to-column joints, such as column flange in bending and end plate in bending are 28

traditionally modelled using equivalent T-stubs in tension, within the framework of the component method. The load-29

carrying capacity of structural steel T-stub connections were thoroughly studied by many scholars. Douty and McGuire 30

[1] conducted 27 T-stub tests by using a universal testing machine and derived a predictive model for prying forces, 31

whilst Struik and de Back [2] developed a simplified model accounting for the prying effect of T-stubs, which served 32

as the basis of the EN 1993-1-8 design provisions [3]. Later, Zoetemeijer [4] reported testing and analytical studies on 33

carbon steel T-stub flanges in bolted beam-to-column connections, and Jaspart [5] derived design methods for 34

predicting the stiffness and resistance of T-stubs that were later incorporated into the Eurocode 3 [3]. More tests on 35

steel T-stubs have emerged over the past two decades, with the research work conducted by Swanson et al. [6,7], Piluso 36

et al. [8-10] and Girão Coelho et al. [11,12] enabling a better understanding of the structural behaviour of steel T-stubs. 37

More recently, Wang et al. [13] presented numerical studies on strength and initial stiffness of steel T-stubs with blind 38

bolts and Liu et al. [14,15] tested 10 steel T-stub connections to examine the influence of the employed geometric 39

configurations, and provided semi-empirical calculation formulae for T-stubs. Furthermore, T-stubs made of high 40

strength steel were investigated by Zhao et al. [16] and Chen et al. [17], and the applicability of the design provisions 41

in EN 1993-1-8 were verified based on the obtained experimental and numerical results. Ten additional T-stubs in 42
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grade Q690 high strength steel connections were tested by Guo et al. [18] and Liang et al. [19], and it was revealed 43

that the design method for T-stubs presented in EN 1993-1-8 [3] could be extended to cover the Q690 steel grade, yet 44

an alternative simplified analytical approach was proposed to acquire more accurate predictions of the initial stiffness 45

of high strength steel T-stubs. In addition, Demonceau et al. [20] presented design formulae of steel T-stubs with four 46

bolts per horizontal row based on the EN 1993-1-8 provisions, and Latour et al. [21] modified the formulae for all 47

possible collapse mechanisms of T-stubs with four bolts per row based on experimental and numerical investigations. 48

Special attention has been paid to the structural behaviour of T-stubs made of nonlinear metallic materials. The 49

tensile behaviour of aluminium alloy T-stub connections was investigated and reported in [22-25], wherein 50

modifications to the design method provided in EN 1999-1-1 [26] were proposed. Meanwhile, a relatively small 51

number of studies on the behaviour of stainless steel T-stub connections has been conducted to date. Bouchaïr et al. 52

[27] examined numerically the ultimate resistance and development of prying forces of stainless steel T-stubs and 53

provided a comparison between stainless steel and carbon steel T-stubs. A total of 28 austenitic stainless steel T-stubs 54

with a single bolt row were tested under monotonic loading by Yang [28] and Lei [29], followed by parallel numerical 55

modelling of the structural behaviour. Tests on 27 stainless steel T-stubs of both austenitic and duplex grades were 56

reported in [30,31], based on which, the existing design methods initially proposed for carbon steel T-stubs, which are 57

also applicable to stainless steel [32] T-stubs were evaluated and were found to provide overly conservative resistance 58

predictions. Moreover, the structural performance of stainless steel beam-to-column joints was studied for both 59

conventional bolted beam-to-column joints [33-36] and blind bolted beam-to-column joints [37,38], and it was 60

observed that the plastic moment resistance of the tested joints was consistently and significantly underestimated by 61

EN 1993-1-8 [3]. 62

Experimental tests on 13 stainless steel T-stub connections in tension were conducted and are reported herein, which 63

together with 27 tests on stainless steel bolted T-stub connections previously reported [30] and 28 test results reported 64

in [28,29] constitute an experimental pool of 68 tests on austenitic grade EN 1.4301 and duplex grade EN 1.4462 65

stainless steel T-stubs. All test results are used herein to assess existing design rules for stainless steel joints specified 66

in EN 1993-1-8 [3], JGJ 82 [39], as well as the method proposed by Demonceau et al. [20] for T-stubs with 4 bolts per 67

row. Advanced FE models are initially developed using ABAQUS and validated against available test data. Based on 68

the validated FE models, parametric studies are conducted and 168 FE models are generated to investigate the influence 69

of key parameters on the overall structural response, strength and failure modes. Finally, design recommendations for 70

the initial stiffness and the plastic resistance of stainless steel T-stubs in tension are made. The proposed design 71

equations lead to more accurate strength and stiffness predictions and are well-suited for incorporation in future 72

revisions of existing design guidance. 73

2 Experimental study 74

2.1 Test specimens 75

A total of 13 stainless steel T-stub connections were tested. These are classified in 3 geometric configurations, 76

namely T-S, T-D and T-F as shown in Fig. 1. Both the austenitic grade EN 1.4301 (ASTM 304) and the duplex grade 77

EN 1.4462 (ASTM 2205) were employed, whilst the chosen bolt classes included A4-70 and A4-80 stainless steel 78

bolts. Controlled tightening by means of a calibrated wrench was used to apply bolt preloading to a specified level, as 79

preloading was one of the key parameters, the influence of which on the structural response is investigated herein. The 80

measured geometric dimensions of all tested specimens are listed in Table 1, where db is bolt nominal diameter, hf is 81

the fillet weld size and Fpre is the applied bolt preloading force measured with calibrated load cells. 82

2.2 Material properties 83

The material properties of the stainless steel plates and bolts of the T-stub specimens were experimentally 84

determined from standard tensile coupon tests. To this end, rectangular and round coupons were machined from hot-85
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rolled plates and bolts respectively and were tested to failure. The full stress-strain curves have been reported in [30], 86

whilst the average values of the material properties including the Y E0, the 0.01%, 0.2%, 1.0% and 3.0% 87

proof stresses, the tensile strength u, the strain hardening exponent n, and the plastic strain at fracture f for each  88

tested coupon are summarised in Table 2. 89

2.3 Test results 90

A detailed description of the employed experimental setup and instrumentation is given in [30]. All tests were 91

conducted to failure which in all cases was triggered by bolt fracture. The recorded axial load (F) versus displacement 92

( ) curves from the 13 test specimens reported herein are shown in Fig. 2. The experimentally obtained plastic 93

resistance (FRd) defined as the load at the intersection between the initial stiffness line and the tangent line of the 94

hardening part, together with the ultimate resistance (Fu) at the peak point of test curve, are summarised in Table 3, 95

where the corresponding deformations Rd and u at which FRd and Fu occur are also reported. The points ( Rd, FRd) 96

and ( u, Fu) are denoted in Fig.2 with a white and a black circle respectively. It can be seen that the ultimate resistance 97

Fu can be more than four times the plastic resistance FRd for some specimens, whilst the deformation u at Fu is can be 98

more than ten times that at FRd, as can also be seen in Fig. 2, demonstrating the significant deformation capacity of the 99

tested specimens. 100

The deformed shapes of the tested T-stub specimens are illustrated in Fig. 3. It is noted that the deformed shape of 101

specimen F13s is not provided due t  inability to disassemble the specimen after testing. As expected, all specimens 102

failed ultimately by bolt fracture, but the deformation that the T-stubs sustained until bolt fracture occurred depended 103

strongly on the flexural strength of the T-stubs relative to the tensile strength of the bolts. It can be observed that 104

specimens employing thinner flanges, stronger bolts and larger bolt spacing m display significantly larger plastic 105

deformations compared to specimens with thicker plates, smaller bolts and smaller bolt spacing m. This observation is 106

directly reflected in the F-  curves shown in Fig. 2. Curves (Fig. 2) displaying a significantly higher ultimate resistance 107

Fu compared to their plastic resistance FRd are associated with failure modes (Fig. 3) exhibiting large plastic 108

deformations. For example, specimens S10s and S11s can be seen in Fig. 2 to exhibit a significant difference between 109

FRd and Fu (i.e. significant steepness of the force-displacement curve beyond the knee region) and significant plastic 110

deformations of the flanges in Fig. 3. On the contrary, specimens S12s and S14s display a less steep force-displacement 111

curve beyond the knee region of their F-  curves reported in Fig. 2, and this corresponds to failure modes involving 112

almost straight flanges as can be observed in Fig. 3. 113

The correlation between high plastic deformations and significant overstrength beyond the plastic resistance of the 114

T-stubs can be attributed to the combined effects of material strain hardening at the locations of the yield lines and the 115

development of membrane action in the flanges at high deformations. This is clearly seen in the load-displacement 116

curves of specimens S10s, S11s, D9s, D10s, F11s and F13s, which display an increase in stiffness at high deformations, 117

which can only be attributed to the change of response of the flanges to accommodate the applied load from 118

predominantly flexural to predominantly tensile. The effect of membrane actions on the T-stub response is more 119

pronounced for T-stubs employing thin flanges, large spacing m and strong bolts that can allow significant deformation 120

of the T-stub flanges and anchor the developed tension field prior to fracture. Hence, T-stubs failing in mode 1 are 121

expected to possess significantly higher overstrength compared to their counterparts failing in mode 2 or mode 3. 122

2.4 Comparison with resistance predictions from the existing design methods 123

The existing design methods for T-stubs made of carbon steels include the design formulae provided in EN 1993-1-124

8 [3] and Chinese code JGJ 82 [39], which are based on the prying model developed by Struik and de Back [2]. These 125

design standards are applicable to stainless steel T-stubs and are evaluated herein by comparing their predictions 126

against an experimental pool consisting of 68 test results. For the comparison, the measured geometric and material 127

properties are utilised and all safety factors are set to unity. The related calculation formulae for determining the plastic 128

resistance in EN 1993-1-8 are given by Eqs. (1)-(3) corresponding to the three typical failure modes of T-stubs with 129

two bolts per row (T-S and T-D configurations). 130
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Mode 1 T-S, T-D and T-F 
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Mode 3 T-S, T-D and T-F 3 Rd t,RdF F,  (3) 

where ew is equal to dw/4 (dw is the diameter of the washer), m and n are indicated in Fig. 1, Mpl,1,Rd and Mpl,2,Rd are the 131

plastic moment resistances of the T-stub flange based on the material yield strength fy and can be calculated using Eq. 132

(4), and Ft,Rd is the tension resistance of a bolt given by Eq. (5). 133
2
f y

pl,i,Rd eff,=    =1 or 2
4 i

t f
M l i  (4) 

t,Rd ub s0.9F f A  (5) 

where tf and fy are the thickness and yield strength of T-stub flange, eff,il (i=1 or 2) is the calculated effective length 134

for the corresponding failure mode, As and fub are the tensile stress area and ultimate tensile strength for bolts, 135

respectively.  136

Moreover, Demonceau et al. [20] proposed a design method for T-stub connections with four bolts per horizontal 137

row (T-F) in the framework of the design provisions in EN 1993-1-8, which employs Eq. (6) for mode 2 but still adopts 138

Eqs. (1) and (3) for failure modes 1 and 3, respectively. 139

Mode 2 T-F 

2 2
t,Rd 1 2 1 2

f,2,Rd
1 2

2, Rd
1 2

2 2
2 ( )

2

F n n n n
M

n n
F

m n n
 

(6) 

in which the geometric symbols m, n1 and n2 are indicated in Fig. 1. 140

The design equations in the Chinese code JGJ 82 [39] are given by Eqs. (7) and (8) in a rewritten form. 141

Modes 1 and 2 T-S and T-D 
2

c y f
t, 1-2

2

(1 )

4

b f t
N

e
 (7) 

Mode 3 T-S and T-D t, 3 ub sN f A   (8) 

where bc is the calculated width for each bolt row, e2 is the distance from bolt centreline to the web,  and  are 142
two calculation coefficients related to the geometric dimensions of T-stubs, and the term 1  is used to account 143

for the prying effect. 144

The design method codified in the AISC manual [40] is not included in the following discussion due to the fact that 145

it aims to estimate the ultimate resistance rather than the plastic resistance of T-stubs by introducing the ultimate tensile 146

stress of flange instead of the yield strength. This paper focuses on the plastic resistance of the T-stubs, which is suitable 147

for conventional design. The ultimate response of T-stubs, which may be relied upon in accidental load cases and is 148

strongly dependent on the development of membrane action will be discussed in future publications. 149

Table 3 reports the experimentally obtained and predicted plastic resistances of the T-stubs considered, as well as 150

their ratios. A ratio less than 1.0 indicates unsafe design predictions. The specimens employing four bolts per row are 151

utilised only for the assessment of EN 1993-1-8 [3] as adapted in [20]; they are not considered when assessing the JGJ 152

82 equations, as this configuration is not covered therein. It is evident that both design methods in EN 1993-1-8 and 153

JGJ 82 provide overly conservative resistances, and the average ratios are equal to 1.40 and 1.75 for the 13 tests 154

reported in this paper with corresponding standard deviations of 0.14 and 0.33, respectively. A similar level of accuracy 155

is demonstrated when the 27 tests reported in [30] are considered. The EN 1993-1-8 predictions are slightly improved 156

when assessed based on the 28 T-stub tests reported by Yang [28] and Lei [29], whilst the Chinese code JGJ 82 [39] 157

predictions appear to be even more conservative. The average ratios from all 68 available tests are 1.36 and 1.96 for 158

the design methods in EN 1993-1-8 and JGJ 82 with corresponding standard deviations of 0.13 and 0.36, respectively. 159
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The conservatism exhibited by both design codes considered relates to neglecting the effect of strain hardening and 160

adopting the nominal yield strength of the flange as the limiting stress attainable by the T-stubs. For materials lacking 161

a yield plateau and exhibiting pronounced strain hardening such as stainless steels the adoption of fy as a limiting stress 162

value leads to overly conservative strength predictions. This statement is supported by the observation that the plastic 163

resistance of the austenitic stainless steel specimens is more severely underpredicted compared to the plastic resistance 164

of their duplex stainless steel counterparts, which can be attributed to the more pronounced strain hardening inherent 165

in austenitic stainless steels. It is thus concluded that the development of more accurate and efficient design methods 166

accounting for the effect of strain hardening is required. To this end, a comprehensive parametric study on stainless 167

steel T-stubs is conducted hereafter. 168

3 Numerical modelling 169

3.1 Development of FE models 170

Numerical models simulating the tested stainless steel T-stub connections were developed by means of the general 171

purpose FE software package ABAQUS. Three individual parts representing the stainless steel T-stub, the stainless 172

steel bolt and steel block were created. All components of the bolt assembly, namely shank, head and nut were 173

simulated as smooth cylinders, with the shank diameter selected such as to achieve a cross-sectional area equal to the 174

stress area of the threaded bolt. The fillet welds were assumed to be part of the T-stub. Due to the symmetry of the T-175

stubs in terms of geometry, boundary conditions and applied loads, only one half of each tested specimen was modelled, 176

as shown in Fig. 4, thereby significantly reducing the computational cost. All parts of the models were meshed with 177

the eight-node linear first-order brick element C3D8I. This element is enhanced by incompatible modes to improve 178

the bending behaviour and has 8 integration points and 13 internal degrees of freedom [41], thereby enabling more 179

accurate stress and strain results. Following a mesh convergence study to obtain a suitable element size for a 180

satisfactory balance between accuracy and computational efficiency, the general element sizes for the T-stub and bolts 181

were set at 3 mm and 1.5 mm, respectively. A finer mesh was employed in the vicinity of expected regions of stress 182

concentration such as the bolt hole to accurately capture the expected steep stress gradients. The typically generated 183

number of elements of the T-S, T-D and T-F models are 15000, 28000 and 25000, respectively. 184

The nonlinear material behaviour of stainless steel T-stubs and bolts was modelled assuming the standard von Mises 185

yield criterion with isotropic hardening. The engineering stress-strain curves obtained from the tensile coupon tests 186

(reported in Ref. [30]) were converted to true stress and logarithmic plastic strain and input in ABAQUS to quantify 187

hardening. While the behaviour of the steel block was assumed elastic and was modelled assuming a 188

of 206 GPa  189

The boundary conditions were defined to reflect the support conditions employed in the experimental tests. All 190

degrees of freedom of the bottom surface of the steel block were restrained, and symmetry boundary conditions were 191

applied to the mid-thickness plane of the web. A vertical displacement was prescribed at the top of the web to simulate 192

displacement control loading. The experimentally measured bolt preloading force was introduced by using the BOLT 193

LOAD command, and it was found that the presence of a small bolt preload for snug tightened conditions improved 194

the convergence behaviour, as it eliminated initial slip of the bolt holes. 195

The adopted contact interactions are shown in Fig. 4, wherein the surface-to-surface formulation with finite sliding 196

was defined between adjacent surfaces. The normal behaviour was simulated assuming hard contact, and the tangential 197

response of contact surface was modelled by the classical isotropic Coulomb friction model with penalty method [42]. 198

The friction coefficient was taken as 0.2 for the two contact pairs including the steel block and the flange, the steel 199

block and the bolt nut, while the friction coefficient of the other contact pair  the flange and the bolt nut was set equal 200

to 0.15 [43]. It has been noted that the effect of the friction coefficients turns out to be insignificant for stainless steel 201

bolted T-stubs in tension based on a sensitivity analysis as the deformations of the model do not induce significant 202

tangential contact. Meanwhile, the tangential behaviour of contact between the bolt shank and the hole wall was 203
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assumed to be frictionless [19]. 204

3.2 Validation 205

The developed FE models were utilised to replicate numerically a total of 40 tests reported herein and in Ref. [30]. 206

A general static analysis allowing for geometric and material nonlinearities was conducted. The comparison between 207

the numerical predictions and the test results in terms of the obtained F-  curves and the failure modes of typical 208

specimens are presented in Fig. 5. It can be observed that the numerically predicted load-deformation curves are in 209

close agreement with the test curves. Moreover, the deformed shapes of the T-stubs obtained from numerical modelling 210

agree well with the experimental results, as indicated in Fig. 5. 211

The numerically predicted plastic and ultimate resistances together with corresponding deformation values at which 212

these occur for all 40 T-stubs are compared with the test results, as shown in Table 4. The average values of 213

FRd,Exp/FRd,FE and Fu,Exp/Fu,FE ratios are calculated to be 1.03 and 1.02 with small standard deviations of 0.06 and 0.03, 214

respectively, and the mean ratios of Rd,Exp/ Rd, FE and u,Exp/ u, FE are equal to 0.96 and 0.99 with slightly higher 215

standard deviations. Besides, the initial stiffness of T-stubs obtained from numerical modelling are also compared with 216

the experimental values, as shown in Table 6. Based on the close agreement between FE modelling and testing, the 217

developed FE models are deemed able to accurately capture the behaviour of stainless steel bolted T-stubs in tension, 218

and are therefore utilised in subsequent parametric studies. 219

3.3 Numerical study of failure modes 220

It is known that the three typical failure modes of carbon steel bolted T-stubs specified in EN 1993-1-8 are the 221

complete yielding of the flange (Mode 1), the bolt failure with yielding of the flange (Mode 2) and the bolt failure only 222

(Mode 3), based upon which the plastic tension resistances of T-stubs are derived using the material yield strength of 223

the flange and the tension resistance of bolt. However, the failure mechanisms of stainless steel T-stubs may differ 224

from those made of ordinary carbon steels in view of the significant material non-linearity of stainless steel plates and 225

bolts, which are numerically studied herein. 226

Both the flange bending moment close to flange-to-web intersection and the bolt tension force corresponding to the 227

plastic resistance were obtained for all the 40 T-stubs, and are tabulated in Table 5. It can be seen that the numerically 228

obtained flange bending moments (Mpl-FE) are considerably higher than the plastic moment resistances (Wplf0.2) 229

calculated by using the nominal material yield strength f0.2, indicating the significant effect of the strain hardening 230

capacity of stainless steel. Meanwhile, the stress distributions through flange thickness corresponding to the plastic 231

resistance, located close to the flange-to-web intersection, were attained and are plotted in Fig. 6 for all three types of 232

T-stub connections, where the stress values are normalised by the 3.0% proof strength ( 3.0=f3.0) of the flange material. 233

It is shown that the stress amplitudes of both tensile and compressive regions for all the three types of T-stubs are close 234

to the 3.0, which is much higher than the nominal yield strength 0.2 (see Table 2). By comparing the numerically 235

obtained flange bending moments (Mpl-FE, corresponding to the plastic resistance) with the plastic moments  236

calculated by using material strength f3.0, the mean value of the Mpl-FE/(Wplf3.0) ratio is equal to 1.00 with a 237

corresponding standard deviation of 0.05, as shown in Table 5. Moreover, the numerical bolt tension forces Ft-FE are 238

also compared to the tension resistance Asfub. By referring to the definition of the three typical failure modes, it can be 239

concluded that the failure mode 2 implies that both flange moment and bolt tension force ratios are close to 1.00, and 240

the failure mode 1 corresponds to the flange moment ratio roughly equal to 1.00 but with a much smaller bolt tension 241

force ratio, while the failure mode 3 suggests the bolt tension force ratio reaches 1.00 with a generally lower flange 242

moment ratio. The failure modes of all 40 T-stub connections were hence determined as either failure mode 1 or 2 and 243

are given in Table 5. It is noted that the bolt tension force ratios for both the inner and outer bolts are included for the 244

T-stubs with four bolts per row (T-F), and it is revealed that failure of the outer bolt cannot be expected in the failure 245

mode 1 and most cases with the failure mode 2. 246
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According to the design formulae provided in EN 1993-1-8 [3], the theoretical relationship between the plastic 247

resistance of T-stubs (FRd) and flange thickness squared ( 2
ft ) can be represented in Fig. 7. Specifically, the plastic248

resistance FRd is proportional to the square of the thickness of the T-stub 2
ft  for failure mode 1, whist the resistance 249

for mode 3 is independent of the flange thickness, since it essentially involves only failure of the bolt. For T-stubs 250

displaying mode 2 mechanism, a weaker correlation is found between FRd and 2
ft  compared with the mode 1, as 251

shown in Fig. 7, as mode 2 involves failure of both the bolt and the flange of the T-stub. 252

Four different values of the bolt diameter db  12 mm, 16 mm, 20 mm and 24 mm were chosen to examine the 253

relationship between FRd and 2
ft  for T-stubs made of austenitic grade EN 1.4301 and duplex grade EN 1.4462, and 254

the obtained numerical results are plotted in Fig. 8, which are found to be consistent with the theoretical one given in 255

Fig. 7. It is evident that stainless steel T-stubs display similar failure mechanisms falling into the three typical modes 256

in EN 1993-1-8, as shown in Fig. 9 for a typical T-S model, though the stresses at plastic flange yielding reach up to 257

the 3.0% proof strength which is much higher than the nominal material yield strength. Introducing larger bolt diameter 258

can considerably raise the tension resistance of T-stubs, especially for those displaying failure modes 2 and 3. As 259

expected, increasing flange thickness results in the change of failure mode, as illustrated in Fig. 9. Besides, the T-stubs 260

with flanges made of the duplex grade EN 1.4462 exhibit higher tension resistances compared to the austenitic 261

counterparts having the same flange thickness due to the considerably higher material strength. 262

3.4 Numerical study of initial stiffness 263

From the experimental tests it was concluded that the introduction of bolt preloading generated a considerable 264

increase in the initial stiffness of T-stubs, while it had little effect on the resistance and deformation capacity. The 265

developed FE models were re-run without bolt preloading forces to quantify the influence of preloading on the initial 266

stiffness. The effect of preloading on initial stiffness is illustrated in Fig. 10, where the ratio of the initial stiffness of 267

every T-stub with preloaded bolts is normalised by the initial stiffness of the same T-stub but without bolt preloading. 268

It is shown that the initial stiffness of preloaded T-stubs is increased by 53% on average due to the introduction of bolt 269

preloading forces up to 60% of bolt ultimate resistance, compared to their non-preloaded counterparts, indicating the 270

significant effect of bolt preloading on the initial stiffness regardless of the type of T-stub and the bolt grade involved. 271

It is noted that the beneficial effect of preloading on initial stiffness is more pronounced with decreasing flange stiffness 272

and becomes less significant when the flexural stiffness of the T-stub flange increases. Similar conclusions were 273

previously reached by other scholars for carbon steel T-stubs [44,45]. 274

Moreover, the sensitivity of the initial stiffness to the ratio  of the bolt preloading force (Fpre) over the bolt ultimate 275

resistance (fubAs) was explored by considering seven different values ranging from 0 to 0.6, in which =0 corresponding 276

to the snug tightened condition. The comparison of the initial parts of the obtained numerical load versus displacement 277

curves for typical T-stub models is plotted in Fig. 11, which refers to specimen S8 in [30]. The three typical failure 278

modes were achieved by setting three different flange thickness values (11.85 mm, 16 mm and 30 mm). It can be 279

clearly seen that higher values of  result in increased initial stiffness regardless of the exhibited failure mode, but the 280

influence becomes less pronounced with the ratio  greater than 0.4. Additionally, it is also shown that the bolt 281

preloading has little effect on the tension resistance of T-stubs. 282

3.5 Parametric studies 283

The previously validated FE models were further used to investigate the effect of key parameters, such as material 284

grade, bolt diameter and flange thickness on the structural behaviour of the T-stubs. The range of the flange thickness 285

considered varied from 4 mm to 40 mm, and the bolt diameter varied from 12 mm to 24 mm. A total of 168 numerical 286

models of T-stub connections employing the T-S, T-D and T-F configurations were generated to cover both austenitic 287

and duplex grades and are utilised in the following section to verify a proposed design method. 288
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4 Design recommendations289

4.1 Determination of initial stiffness 290

Several calculation methods for computing the initial stiffness (K0) of T-stub connections exist. In EN 1993-1-8 [3], 291

the initial stiffness of a T-stub connection can be obtained from its basic components using Eq. (9): 292

0

t b

1
1 1

K

K K

 
(9) 

in which Kt and Kt are the initial stiffnesses of the T-stub and the bolts respectively, and can be computed for each 293

single bolt row by Eqs. (10) and (11), which are applicable to both preloaded and non-preloaded connections. 294
3

0,t eff f
t 3

0.9E l t
K

m
 (10) 

0,b s

b
b

0,b s

b

1.6
for failure modes 1 and 2

2.0
for failure mode 3

E A

L
K

E A

L

 (11) 

where E0,t and E0,b moduli of the T-stub plates and bolts, respectively; leff is the effective length for 295

each bolt row; As and Lb represent the tensile stress area and elongation length of the bolt, respectively. Besides, the 296

coefficient 1.6 in Eq. (11) accounts for the development of prying forces in T-stubs as shown in failure modes 1 and 2, 297

which should be replaced by 2.0 for mode 3 mechanism due to the absence of prying effect. 298

It has to be noted that the effect of bolt preloading is neglected in EN 1993-1-8, though bolt preloading has been 299

shown to lead to considerable increase of the initial stiffness compared to the snug tightened condition as discussed in 300

the previous section. Hence, two separate methods proposed by Jaspart [5] and Faella et al. [46] to take into account 301

the stiffening effect of bolt preloading are considered herein. According to the method by Jaspart, a higher coefficient 302

equal to 9.5 was adopted to replace the coefficient of 1.6 or 2.0 in Eq. (11) and a slightly lower factor of 0.85 instead 303

of 0.9 was used for Eq. (10), while the Faella et al. method introduced the coefficient  in the calculation of the initial 304

stiffness of the T-stub (Kt), as defined in Eqs. (12) and (13). 305
3

0,t eff f
t 3

0.5E b t
K

m
 (12) 

1.28

f

b b

=0.57
t

d m d
 (13) 

where the effective width of T-stub beff is equal to the bolt head diameter dh plus twice the m value, and does not exceed 306

the actual width b of T-stub. 307

The initial stiffness (K0) of the 40 tested stainless steel T-stub specimens was determined by regression analysis of 308

the elastic range of the experimentally obtained F-  curves and is listed in Table 6 together with the corresponding 309

numerically predicted values. Both experimental and numerical initial stiffness values were used to assess the 310

aforementioned three calculation methods, with the predicted stiffness values also reported in Table 6. It has to be 311

noted that the accuracy of the experimental values from the three test specimens with snug tightened bolts  S9, D8 312

and F10 is questionable due to the possible existence of gaps between plates, and hence the experimental stiffness 313

values of these three specimens are excluded from the assessment of the methods. The average ratios of the test over 314

the predicted initial stiffness values for the EN 1993-1-8 method and the Jaspart method are 1.52 and 1.40, with 315

corresponding standard deviations equal to 0.92 and 0.99, respectively, indicating considerably underestimated initial 316

stiffness for T-stubs with preloaded bolts, while the mean value of test over calculated ratio from the Faella et al. 317
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method is equal to 1.20 with a much lower standard deviation of 0.49. Moreover, the calculated initial stiffness values 318

from the Faella et al. method are also much closer to the numerically predicted results than those from the other two 319

methods, and an average value of the FE over calculated ratio of 1.09 with a corresponding standard deviation of 0.16 320

is obtained. Thus, it is recommended that the Faella et al. method be used for calculating the initial stiffness of stainless 321

steel bolted T-stub connections. 322

4.2 Revised formulae for the plastic resistance 323

The comparison between experimental and codified plastic resistances discussed in section 3 has highlighted 324

shortcomings in existing design methods, calling for the revision of the calculation formulae for the plastic resistance 325

of stainless steel T-stubs. It has been found that the three typical failure modes of stainless steel T-stubs are consistent 326

with the design formulae in EN 1993-1-8, yet the method specified in JGJ 82 does not distinguish between failure 327

modes 1 and 2. Hence, the design formulae provided in EN 1993-1-8 were modified to obtain more accurate plastic 328

resistance predictions for stainless steel bolted T-stubs. In view of the relatively small deformation values 329

corresponding to the plastic resistance, it is expected that the static equilibrium equations that form the basis of design 330

formulae in EN 1993-1-8 [3] and Demonceau et al. [20] can still be adopted, except that the material yield strength is 331

replaced by the 3.0% proof strength 3.0, as indicated by the stress analysis presented in previous section. Hence, the 332

proposed calculation formula for the plastic moment resistances of T-stub flange is given by 333
2
f 3.0

pl,i,Rd eff,=    =1 or 2
4 i

t f
M l i  (14) 

By substituting the calculated plastic moments to the design equations including Eqs. (1), (2) and (6), the obtained 334

plastic resistance predictions were compared against a total of 68 test and 147 FE data points, as plotted in Fig. 12 and 335

listed in Table 7. It can be noted that only a few data points are below the line of 1.0, and the most unfavourable points 336

correspond to the test results reported by Yang [28] and Lei [29], which can be explained by the fact that the nominal 337

flange plate thickness values (usually higher than the actual values) were used to calculate the plastic resistances due 338

to lack of measured thicknesses. The overall average value of the test/FE over the calculated resistance ratios is equal 339

to 1.07 with a relatively small standard deviation of 0.07, indicating slightly conservative but satisfactory predictions 340

for the plastic resistance of stainless steel T-stub connections. 341

4.3 Reliability analysis 342

A reliability analysis of the revised calculation method was further carried out to verify the partial resistance factors 343

by setting a target reliability index of 3.8 for ultimate limit state design with a reference service life of 50 years. Based 344

on all available test and FE data points, the guidance provided in Annex D of EN 1990 [47] was followed herein by 345

adopting the statistical data on material and geometric parameters of stainless steel elements reported by Afshan et al. 346

[48]. The obtained key statistical parameters are listed in Table 8, where the correction factor b is taken as the slope of 347

the least squares line for each failure mode, V  is the coefficient of variation (COV) of the error term i for each data 348

pair. It should be noted, however, that the over-strength value equal to 1.10 and a COV of 0.035 for the ultimate tensile 349

strength were taken as the conservative values for both stainless steel grades, though the 3.0% proof strength of flange 350

is used to predict the plastic resistance for both failure modes 1 and 2. A COV of 0.05 was adopted for geometric 351

properties, and the Vr was calculated by combining the scatter effects due to the design model and the basic random 352

variables. The required partial safety factor M0 value was found to be 1.17 for failure mode 1, higher than the current 353

value of 1.1 recommended in EN 1993-1-4 [31], and this can be attributed to the use of conservative over-strength 354

values for the ultimate tensile strength, and hence statistical data on the 3.0% proof strength are needed. The required 355

partial safety factor value for mode 2 is equal to 1.07, which is less than both the current values of M0 and M2 involved 356

in this failure mode, and the resulted M2 value for mode 3 is lower than the current value of 1.25, satisfying the related 357

reliability requirements. The revised calculation method is therefore recommended for predicting the plastic resistance 358

of stainless steel bolted T-stub connections. 359
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5 Conclusions360

Augmenting previous experimental work, 13 monotonic loading tests on bolted stainless steel T-stubs in tension 361

were conducted. All available test data on the plastic resistance of stainless steel T-stubs were collated and were used 362

herein to evaluate the applicability of existing design methods for carbon steel T-stubs (i.e. EN 1993-1-8 and Chinese 363

code JGJ 82) to stainless steel T-stubs; it was determined that they provide overly conservative predictions. 364

Numerical models were developed and validated against available experimental tests on stainless steel T-stubs in 365

tension. The numerically predicted load versus deformation curves and failure modes were found to be in close 366

agreement with the test curves, thus verifying the accuracy of the FE models. Further a comprehensive parametric 367

study involving a total of 168 FE models was carried out to examine the effect of key parameters such as material 368

grade, bolt preloading, bolt diameter and flange thickness on the T-stub strength and stiffness. It has been found that 369

stainless steel T-stubs display identical failure mechanisms to the three typical modes given in EN 1993-1-8, except 370

that the stresses at plastic flange yielding reaches up to the 3.0% proof strength due to the effect of strain hardening. 371

Increasing the bolt diameter can considerably raise the tension resistance of T-stubs, especially for those displaying 372

failure modes 2 and 3, and the introduction of bolt preloading results in a significant increase in the initial stiffness of 373

T-stubs. 374

Based on the obtained test and numerical results, the calculation method by Faella et al. accounting for the bolt 375

preloading effect was shown to provide much closer predictions for the initial stiffness of stainless steel bolted T-stub 376

connections than the EN 1993-1-8 method and the Jaspart method. Meanwhile, revised calculation formulae for the 377

determination of the plastic resistance of the T-stubs were proposed by replacing the material yield strength with the 378

3.0% proof strength within the framework of the design methods in EN 1993-1-8 as well as proposed extensions 379

thereof by Demonceau et al. Since the use of the 3.0% proof strength 3.0 allows for a rational exploitation of strain 380

hardening consistent with experimental and numerical observations, the proposed method is shown to generate 381

satisfactory predictions for the plastic resistance. The safety assessment of the revised calculation method has been 382

further verified by a reliability analysis, and it is therefore recommended that the proposed design method be adopted 383

for the design of stainless steel T-stubs. 384
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(b) T-D 

 
(c) T-F 

Fig. 1. Geometric details of T-stub specimens 

  
(a) Group T-S (b) Group T-D 

 
(c) Group T-F 

Fig. 2. Experimental F-  curves of the tested T-stub specimens 
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Fig. 3. Deformed shapes of the test specimens 

 
Fig. 4. Boundary and contact conditions of FE models 
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Fig. 5. Comparison of F-  curves and deformed shapes from FE modelling and tests 
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(a) T-S models 
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Fig. 6. Numerical stress distributions through flange thickness located close to flange-to-web intersection 
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Fig. 7. Relationship between FRd and 2
ft  according to EN 1993-1-8 

  
(a) EN 1.4301 (b) EN 1.4462 

Fig. 8. Influence of bolt diameter db and material grade 
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Fig. 9. The three typical failure modes of stainless steel T-stubs 
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Fig. 10. Comparison between numerical simulations with and without bolt preloading 

  
Fig. 11. Influence of bolt preloading ratio  

 

Fig. 12. Comparison of predictions from the revised formulae with available test and numerical results 
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