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Abstract 15 

16 

This paper investigates the structural behaviour and ultimate strength of high strength steel 17 

(HSS) staggered bolted connections under tension. A total of 33 HSS (Q690 and Q960) and 15 18 

Q345 staggered bolted connection specimens were tested. All specimens failed in net section 19 

fracture through the staggered path. The predicted net section resistance based on the s2/4g rule 20 

was achieved by most of the HSS specimens. For the specimens with a small bolt pitch to gauge 21 

(s/g) ratio, the connection efficiency (i.e., the ratio between the test ultimate load and the 22 

calculated net section resistance) exceeded 1.0 and decreased gradually with an increasing s/g 23 

ratio. Compared with the mild steel (MS) specimens, in general the HSS specimens have lower 24 

connection efficiency and overall deformation capability. Subsequently, the structural 25 

behaviour of the test specimens was investigated using finite element (FE) analysis to further 26 

interpret the test observations. The results of the test and the FE analysis indicated that for the 27 

HSS specimens, effective stress redistribution along the staggered net section was observed 28 

although the ductility and the ratio of tensile strength to yield strength (fu/fy) of HSS material 29 
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are relatively lower than those of the MS material. In addition, it was also observed that the 30 

biaxial state of stress that existed in the plate area between the staggered bolt holes was 31 

influenced by the s/g ratio, which would affect the ultimate strength of the test specimens. A 32 

reliability analysis of the HSS specimens test results was carried out to re-evaluate the partial 33 

factor adopted in the design equation of the net section resistance of HSS (up to S700) in EN 34 

1993-1-12. The analysis results of the limited test data showed that the net section resistance 35 

of HSS staggered bolted connections was predicted conservatively by the current design 36 

equation with a partial factor of 1.25.  37 

 38 

Keywords: High strength steel, Staggered bolted connections, Net section resistance, 39 

Reliability analysis, Finite element analysis, Experimental investigation 40 

 41 

1. Introduction 42 

 43 

Due to the high strength-to-weight ratio of high strength steel (HSS) material, HSS 44 

structural members are usually smaller in section size with lighter self-weight than those made 45 

using mild steel (MS) [1]. Hence, practical application of HSS in civil engineering structures 46 

can bring substantial economic and environmental benefits. For the design of HSS connections, 47 

additional design rules for steel grade up to S700 were introduced in EN 1993-1-12 in 2007 48 

[2]. For a bolted connection under tension, an effective stress redistribution along the net 49 

section is of paramount importance for the full development of tensile strength of the material 50 

before fracture at the bolt hole. In EN 1993-1-12 [2], the net section resistance of HSS 51 

(S460~S700) section under tension is 52 

𝑁𝑡,𝑅𝑑 =
0.9𝐴𝑛𝑒𝑡𝑓𝑢

𝛾𝑀12
 (1) 
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where 𝛾M12 is the partial factor for net section resistance of HSS up to S700 and is equal to 53 

1.25, Anet is the net section area of HSS member, and fu is the tensile strength of HSS material. 54 

For HSS bolted connections without a staggered pattern and failed in transverse net section 55 

fracture, it was found that the connections could achieve the net section resistance (Anetfu) [3-56 

6]. This could be attributed to the sufficient redistribution of the stress along the transverse 57 

net section [6] and the beneficial effect of biaxial stress state in the main plate [7-9]. The biaxial 58 

stress state at typical areas (i.e., R1 ~ R3) observed in a previous study [6] was briefly illustrated 59 

in Fig. 1, where Sx and Sy are the axial and lateral tensile stresses, respectively. The lateral 60 

tensile stress Sy was caused by the fact that the material in the net section area could not freely 61 

contract laterally due to the presence of bolt holes on the perforated plate under tension [10]. 62 

According to the distortion energy criterion, the biaxial stress state in Fig. 1 could lead to an 63 

increase in Sx in order to reach the corresponding tensile strength in contrast to the same 64 

material under uniaxial tension [10, 11]. 65 

Staggered bolt arrangement of connection is commonly adopted in structural steel 66 

design aiming to obtain the greatest possible usable area in a connection [12]. For a staggered 67 

bolted connection under tension, the biaxial stress state may also exist across the staggered net 68 

section. The net area of a staggered section is commonly determined by the s2/4g rule, where s 69 

is the pitch, and g is the gauge [13], and it has been widely adopted in the current design codes 70 

[14-17]: 71 

𝐴𝑛𝑒𝑡 = 𝑡 (𝑊 − 𝑛𝑠𝑑0 + ∑
𝑠2

4𝑔
) (2) 

where t and W are the thickness and the gross section width of the tension member, respectively, 72 

d0 is the bolt hole diameter, and 𝑛𝑠 is the number of bolts in the staggered path across the 73 

section. In recent decades, many studies have been conducted to examine the accuracy of the 74 

s2/4g rule for evaluating the net section resistance of tension members with staggered bolts. 75 

Epstein and Gulia [18] suggested that for MS staggered bolted connections, the s2/4g rule might 76 
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not always provide a conservative prediction of the net section resistance. Wei et al. [19] tested 77 

27 staggered bolted connections made using materials with yield strength up to 265 MPa and 78 

suggested that the s2/4g rule underestimated the net section resistance of the specimens. On the 79 

other hand, Teh and Clements [20] and Cho et al. [21] found that the s2/4g rule overestimated 80 

the net section resistance of the test specimens made using cold-reduced steel, such as G450. 81 

There seems to be an inconsistency among these research findings, which were based on 82 

connection specimens made using different steel materials. Recently, Jiang et al. [22] tested 15 83 

high strength steel (S700) bolted connections which were failed in the staggered net section 84 

fracture mode. It was found that the bolt pattern across the staggered net section could affect 85 

the prediction accuracy of the s2/4g rule. However, the effect of material ductility on the 86 

development of staggered net section resistance was not further investigated. It is worth noting 87 

that the ductility and the ratio of the tensile strength (fu) to the yield strength (fy) of the material, 88 

i.e., fu/fy ratio of HSS material are generally lower than those of MS material [23, 24]. These 89 

material properties of HSS may affect the effective stress redistribution along the staggered net 90 

section, which may consequently reduce the tensile capacity of the connection. The authors 91 

have conducted a preliminarily numerical study of HSS staggered bolted connections, and 92 

found that the s2/4g rule could predict the corresponding net section resistance with reasonable 93 

accuracy [25].  94 

The above discussions illustrated that there is a limited number of experimental studies of 95 

the effects of ductility and fu/fy ratio on the net section resistance of HSS staggered bolted 96 

connections. Therefore, this study aims at investigating experimentally the ultimate capacity 97 

of HSS staggered bolted connections. A finite element (FE) analysis of the test specimens was 98 

subsequently conducted for interpreting the test observations and providing further insights. 99 

Besides, the accuracy of the s2/4g rule was re-examined. Finally, the applicability of the current 100 

design equation of net section resistance in EN 1993-1-12 [2] to HSS staggered bolted 101 
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connections was re-evaluated via a reliability analysis based on the experimental data from 102 

the current study and Jiang et al. [22]. 103 

 104 

2. Experimental investigation 105 

2.1 Test specimens 106 

 107 

 48 staggered bolted connection specimens including 33 HSS and 15 MS specimens 108 

under double shear were tested to fracture. All the specimens were designed to have a 109 

transverse net section area larger than that of the staggered net section to ensure that the 110 

specimens would fail in the net section fracture mode through the staggered path. The study 111 

investigated three Chinese steel grades, namely, Q345, Q690 and Q960 with nominal 112 

yield/tensile strengths of 345/470 MPa, 690/770 MPa and 960/980 MPa, respectively [26, 27]. 113 

The elongation at fracture of Q345, Q690 and Q960 steel is no less than 22%, 14% and 10%, 114 

respectively [26, 27]. The detailed geometric configuration of the specimens and the geometric 115 

parameters such as the width of steel plate (W), end distance (e1), edge distance (e2), bolt hole 116 

diameter (d0), pitch (s), gauge (g), and the distance between any two staggered bolts (L) are 117 

presented in Fig. 2. Two types of bolt stagger pattern were studied, namely, patterns P1 and P2 118 

with two- and three-bolt lines (parallel to the loading direction), respectively. Two M12 bolts 119 

(Grade 12.9) were used in each bolt line. The bolt diameter (d0) was 13 mm. The nominal 120 

thickness (t) of the main plate was 5 mm, 6 mm and 6 mm for the Q960, Q690 and Q345 121 

specimens, respectively. Q690 steel plates with t = 10 mm were employed to fabricate all the 122 

lap plates. The gauge (g) was ranged from 16 mm to 70 mm. The pitch (s) was varied from 10 123 

mm to 42 mm. The end distance (e1) and the edge distance (e2) were maintained at 40 mm and 124 

16 mm, respectively. The specimens were designated by a set of letters and numbers. The steel 125 

grades Q345, Q690 and Q960 were represented by the letters M1, M2, and M3, respectively. 126 
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Take specimen P1G30S15M1 as an example, ‘P1’ represents Pattern 1 arrangement of the bolt 127 

holes, as presented in Fig. 2a, ‘G30’ means the gauge g = 30 mm, ‘S15’ means pitch s = 15 128 

mm, and ‘M1’ means the steel grade Q345. As shown in Table 1, the specimen dimensions in 129 

the study satisfy the geometric limits of EN 1993-1-8, except three specimens (i.e., 130 

P1G16S22M1, P1G16S22M2 and P1G16S22M3) with L = 27 mm, slightly less than the 131 

minimum value of 31 mm. Table 2 summarises the measured dimensions. 132 

To obtain the mechanical property of the steel materials, three plate-type tensile 133 

coupons were tested for each steel grade according to ASTM A370-17 [28]. Fig. 3 shows the 134 

typical dynamic and static stress-strain curves of the three grades of steel material. Table 3 135 

summarises the average values of the material properties, which were determined by the static 136 

stress-strain curves, such as the elastic modulus (E), yield strength (fy), tensile strength (fu), 137 

ultimate strain (εu) and elongation at fracture (Δ) based on a gauge length of 50 mm.  138 

 139 

2.2 Test setup and procedures 140 

 141 

 The test was conducted by a servo-hydraulic testing system (INSTRON 8803). The 142 

longitudinal axis of the test specimens was carefully aligned with that of the tension test 143 

machine to minimise the effect of any angular distortion of the specimens on the test results. 144 

As shown in Fig. 4, a green laser line was projected onto the specimen surface and adjustments 145 

were made accordingly to bring the test setup into good alignment both before and after 146 

clamping the grips. A quasi-static tensile load was applied to the bottom end of the specimen 147 

by the bottom hydraulic grip, and the other end was fixed to the top grip. The applied load level 148 

was recorded by the built-in load cell. In addition, the elongation of the specimens was 149 

measured by two linear variable differential transformers (LVDTs), as shown in Fig. 4. The 150 

bolts were tightened to a snug tight condition by an ordinary spud wrench according to RCSC 151 
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2020 [29], in order to minimise the frictional resistance of the specimens. 152 

 To minimise major slip due to the bolt-hole clearance, a 10 kN preload was applied to 153 

the specimens. Subsequently, the applied load was lowered to 2 kN to ensure that the bolts still 154 

bore on the walls of bolt holes. In the elastic stage, the load was applied using a load control. 155 

In the inelastic stage, a stroke control was employed with a rate of 0.5 mm/min and 0.3 mm/min 156 

for the MS and HSS specimens, respectively. The loading rate was subsequently increased to 157 

1.0 mm/min and 0.5 mm/min at the post-ultimate state, respectively. At each loading step, the 158 

load was paused for around 120 seconds in order to obtain the static load values. 159 

 160 

2.3 Test results 161 

 162 

Fig. 5 shows the typical failure mode of the specimens. All the specimens failed in net 163 

section fracture through the first staggered row of bolt holes as predicted by the s2/4g rule (blue 164 

dash line). The fracture path initiated on the main plate at the location where the plate thickness 165 

was reduced the most. This observation will be further demonstrated in the following 166 

discussion. Table 2 summarises the test results, including the test ultimate load (Pu,test) and the 167 

connection efficiency of the specimens, i.e., the ratio of Pu,test to the net section resistance (Pus). 168 

Pus is equal to Anetfu, where the staggered net section area Anet was determined by the s2/4g rule. 169 

It was found that almost all the staggered bolted connection specimens could achieve the 170 

corresponding net section resistance (Anetfu). For the Q345 specimens, the connection efficiency 171 

ranged from 0.99 to 1.11 with a mean value of 1.05 and a coefficient of variation (CoV) of 172 

3.7%. For the Q690 specimens, the connection efficiency varied from 0.97 to 1.09 (mean value 173 

= 1.03, CoV = 4.0%). For Q960 specimens, the corresponding values ranged from 0.97 to 1.06 174 

(mean value = 1.01, CoV = 3.3%). 175 

In general, the typical load-displacement curves of the specimens show similar 176 
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responses, where the displacement (d) is the average readings of the two LVDTs (d1 and d2), 177 

as depicted in Fig. 6. Initially, the displacement (d) increased almost linearly with increasing 178 

applied load, and a nonlinear load-displacement response was subsequently observed after the 179 

material yielded. The MS specimens exhibited a larger deformation than that of the HSS 180 

specimens before the attainment of the corresponding ultimate load due to the high ductility of 181 

the MS material. The ultimate load of the MS specimens was achieved when the displacement 182 

(d) was between 2.5 mm and 4.0 mm. However, the HSS specimens reached the ultimate state 183 

quickly after nonlinear load-deflection behaviour was observed, and the corresponding 184 

displacement at ultimate was only between 1.0 mm and 2.0 mm, as shown in Fig. 6. This is 185 

because of the lower ductility and lower fu/fy ratio of the HSS materials which caused the net 186 

section fracture of the connection to occur prior to further elongation of the member. Similar 187 

test behaviour was also observed for the other specimens. The overall deformation of all 188 

specimens will be further analysed in the following discussion of test results. 189 

The strains along the staggered path (black dash line) were measured by two strain 190 

gauges (SG#1 and SG#2) mounted on the plate edges and two rosettes (SGR#1 and SGR#2) 191 

along the inclined path, as illustrated in Fig. 7. Specimens P1G55S32M1, P1G55S32M2 and 192 

P1G55S32M3 with enough clear space for installing the rosettes were selected for examining 193 

the strain development along the staggered path. The corresponding load versus strain curves 194 

along the loading direction are shown in Fig. 8. In general, yielding occurred in the plate edges 195 

initially due to the short length of the plate edge. For specimen P1G55S32M1, the material 196 

along the inclined path started to yield when the load was increased to around 70% of the 197 

corresponding ultimate load, i.e., 0.7Pu,test, as shown in Fig. 8a. For the HSS specimens, 198 

however, yielding of the material along the inclined path did not occur until the load was close 199 

to 0.9Pu,test due to the lower fu/fy ratio of HSS material, as shown in Figs. 8b and 8c. 200 

Subsequently, the load approached the ultimate level rapidly with a further increase in strain. 201 
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 202 

2.4 Discussion of test results 203 

 204 

In general, for the specimens with the same staggered bolt pattern, the corresponding 205 

ultimate load increases with increasing pitch and gauge distance, as summarised in Table 2. 206 

However, there is a slight decrease of the test ultimate load among specimens P1G55(S15-207 

S32)M1, P1G55(S15-S32)M2 and P1G55(S15-S32)M3, with a reduction percentage no more 208 

than 1%. In addition, the connection efficiency of the specimens decreases with an increase in 209 

pitch (s) for the specimens with the same gauge (g), as shown in Fig. 9. For the specimens with 210 

a gauge of 30 mm, i.e., P1G30(S15-S32)M1, P1G30(S15-S32)M2 and P1G30(S15-S32)M3, 211 

the connection efficiency decreases from 1.08 to 0.99, 1.04 to 0.98 and 1.01 to 0.97, 212 

respectively, with an increase in pitch from 15 mm to 32 mm, as shown in Fig. 9a. For the 213 

specimens with a gauge of 40 mm and 55 mm, a similar decline trend was also observed, as 214 

illustrated in Figs. 9b and 9c, respectively. This was consistent with the findings by Epstein 215 

and Gulia [18], suggesting that the prediction accuracy of the s2/4g rule was influenced by the 216 

pitch and gauge. Fig. 9d shows that specimens P2G30(S10-S22) in pattern P2 always have 217 

higher connection efficiencies in contrast to the specimens P1G30(S10-S22) with the same s/g 218 

ratio but in pattern P1 irrespective of the steel grade, echoing the finding by Jiang et al. [22]. 219 

In addition, the connection efficiency is less than 1.0 for the specimen with a large s/g ratio, 220 

such as specimens P1G30S32(M1-M3), P1G40S32(M1-M3), etc., as shown in Table 2. It may 221 

be attributed to the effect of biaxial stress state across the staggered net section, which may 222 

decrease with increasing s/g ratio and may also be influenced by the bolt stagger pattern. To 223 

better interpret these test observations, a finite element analysis of the specimens was 224 

conducted, and the results will be presented in the following section. 225 
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For the specimens with the same geometric configuration, (including the stagger pattern, 226 

the gauge, and the pitch), the overall displacements at the ultimate state of the Q345 specimens 227 

are much larger than those of Q690 and Q960 specimens, as shown in Figs. 6 and 10a. This 228 

observation is expected since the Q345 material possesses much larger ductility than those of 229 

the HSS materials, which allows effective stress redistribution to occur along the staggered net 230 

section. Thus, the MS specimens were able to sustain further deformation along the loading 231 

direction prior to staggered net section fracture, echoing the finding by Wei et al. [19]. As 232 

shown in Table 2, the ultimate loads of the specimens increased when a higher steel grade was 233 

used due to the increase in the material strength. However, the connection efficiency of the 234 

specimens with a higher steel grade decreased as shown in the table. For some of the HSS 235 

specimens, the connection efficiency even declined to below 1.0, as shown in Table 2 and Fig. 236 

10b. This might be attributed to the lower ductility and lower fu/fy ratio of HSS materials, which 237 

prohibited an effective stress redistribution to occur along the staggered net section prior to 238 

fracture. 239 

The fracture path was examined via the deformation process along the staggered net 240 

section. Specimens P1G40S32M1, P1G40S32M2 and P1G40S32M3 were unloaded after each 241 

displacement increment, and the lap plates were then removed to examine the deformation of 242 

the main plate, as shown in Fig. 11. In Huns et al. [30], the steel bolted connection specimen 243 

T1A was also tested by a similar loading and unloading scheme and the other specimen T1B 244 

with the same geometric configuration was loaded continuously at a displacement rate of 1.0 245 

mm/min. It was found that the test ultimate load of specimen T1A (696.0 kN) was similar to 246 

that of specimen T1B (690.8 kN), with a difference of 0.7%. Therefore, it is believed that the 247 

loading and unloading scheme used in this study would not significantly influence the test 248 

ultimate load of specimens P1G40S32M1, P1G40S32M2 and P1G40S32M3. At each 249 

unloading stage, the thickness of the bolt hole edge at eight specific points, namely, A to H was 250 
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measured using a point micrometre (0~25 mm/0.01 mm). The arrangement of these points is 251 

shown in Fig. 7. The detailed deformation process of the main plate is briefly presented as 252 

follows. 253 

As shown in Fig. 11, the first unloading stage was carried out when the specimen began 254 

to exhibit inelastic behaviour. At this stage, the mill scale on the surface of the main plate 255 

started to peel off and slight deformation of the bolt holes was observed on specimen 256 

P1G40S32M1, as shown in Fig. 11a. At the 7th unloading stage, obvious plastic deformation 257 

occurred at the bolt holes and the plate edges. The ultimate load was achieved between the 9th 258 

and 10th unloading stages. Significant necking of the plate edges developed in the following 259 

two stages and fracture occurred in the plate edge near point A at the 12th unloading stage, as 260 

shown in Fig. 11a. For the HSS specimens, the deformation of the bolt holes became significant 261 

when approaching the ultimate state, i.e., near the 6th and 5th unloading stages for specimens 262 

P1G40S32M2 and P1G40S32M3, respectively, as shown in Figs. 11b and 11c. For specimen 263 

P1G40S32M2, fracture of the two plate edges occurred at the 10th unloading stage, as shown 264 

in Fig. 11b. For specimen P1G40S32M3, fracture occurred in the plate edge near point A at 265 

the 8th unloading stage. The fracture of the plate edge near point E started at the 9th unloading 266 

stage and completed at the 10th unloading stage, as shown in Fig. 11c. 267 

The initial position of the fracture path on the bolt hole edge was identified as the 268 

location at which the maximum reduction in plate thickness near the ultimate state occurred. It 269 

was observed that the identified positions on the inside edges of BH#1and BH#2 varied with 270 

the level of the applied load but always located between points B and C, and points F and G, 271 

respectively (i.e., the red curve segments in Fig. 12). This means that the initial locations of the 272 

fracture path identified from the test are different from those determined by the line joining the 273 

centre of the staggered bolt holes, as shown in Fig. 12. The thickness of the main plate at 10th, 274 

6th and 5th unloading stages was taken as the value at the corresponding ultimate state for 275 
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specimen P1G40S32M1, P1G40S32M2 and P1G40S32M3, respectively. The measured values 276 

of plate thickness at points A and E, and the smallest plate thickness on the inside edge of bolt 277 

holes (BH#1 and BH#2) at the ultimate state was decreased by 31%, 23%, 15% and 15%, 278 

respectively for specimen P1G40S32M1 from the original thickness (t) of 5.81 mm. For 279 

specimen P1G40S32M2 with t = 5.84 mm, the corresponding reduction in plate thickness was 280 

14%, 15%, 8% and 9% for these four locations, respectively. For specimen P1G40S32M3 with 281 

t = 4.84 mm, the reduction was 16%, 13%, 6% and 5%, respectively, as shown in Fig. 12. 282 

For these three specimens, therefore, fracture occurred at the plate edges initially, 283 

followed by the fracture of the inclined path between the bolt holes BH#1 and BH#2. The 284 

fracture of HSS specimens occurred at the earlier loading stage comparing with that of the MS 285 

specimen because of the lower ductility and lower fu/fy ratio of the HSS material. Furthermore, 286 

the test observations indicated that the actual fracture path of the staggered net section was not 287 

exactly consistent with the line joining the corresponding centre of the bolt holes as assumed 288 

in the s2/4g rule. This will be further discussed in the following section of FE analysis. 289 

 290 

3. Finite element analysis 291 

3.1 Modelling strategy 292 

 293 

The structural behaviour of the specimens was numerically investigated by FE analysis 294 

via ABAQUS/Explicit (6.14) [31]. All the components such as the lap plates, the main plates 295 

and the bolts were modelled by solid element C3D8R, as shown in Fig. 13. For the bolt and lap 296 

plate, the mesh size was maintained at approximately 2.0 mm and 4.0 mm, respectively. A 297 

mesh study was conducted to determine the optimal mesh size for the area around the first row 298 

of the staggered bolt holes in the main plate which is the location of fracture initiation. The 299 

element size of 3.0 mm, 2.0 mm, 1.0 mm and 0.5 mm were used in the mesh convergence study. 300 
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Fig. 14 shows that the predicted load-displacement curves of specimen P1G40S32M2 based 301 

on mesh sizes (3) and (4) agreed well. To reduce the computation time, mesh size (3), i.e., the 302 

element size of 1.0 mm and 2.0 mm around the first and second row of staggered bolt holes, 303 

respectively, were used in this study. The boundary conditions were defined as those in the 304 

tests, i.e., one end of the specimen was fixed and the other end was loaded in the longitudinal 305 

direction (U1) using displacement control, as shown in Fig. 13d. Initial contact between the 306 

bolt hole and bolt shank was also set. General contact with “hard” contact was adopted to define 307 

the normal direction behaviour of the contact surfaces between the bolt holes and the shanks, 308 

and between the main plates and the lap plates, etc. The friction coefficient was specified to be 309 

0.2 for the tangential contact behaviour [32]. 310 

 Since the test connections were subject to monotonic loading, the plastic material 311 

behaviour of all connected components was described by the classical J2 plasticity with 312 

isotropic hardening law [33-35]. Before necking, the true strain and stress was obtained by 313 

ln(1 + 𝜀𝑒𝑛𝑔)  and 𝜎𝑒𝑛𝑔(1 + 𝜀𝑒𝑛𝑔) , respectively, where 𝜎𝑒𝑛𝑔  and 𝜀𝑒𝑛𝑔  are the engineering 314 

stress and strain, which were obtained from the tensile coupon tests in this study. For the M12 315 

bolt (Grade 12.9), material properties were adopted from [36], i.e., E = 211 GPa, fy = 1210 316 

MPa, fu = 1310 MPa, and εu = 3.25%. In the post-necking stage, the true stress-strain 317 

relationship cannot be obtained directly based on the engineering stress and strain [37]. Hence, 318 

several methods were proposed to determine the post-necking true stress-strain relationship. 319 

Bridgman [37] first suggested a linear relation between the post-necking true stress and strain, 320 

which requires complicated measurements and could not be applied to a coupon with a 321 

rectangular section. Ling [38] proposed a weighted average method based on a power-law 322 

curve (lower bound assumption) and a linear relation (upper bound assumption) for the post-323 

necking true stress-strain relationship, which is applicable to the flat tensile bars. However, the 324 

lower bound was found to overestimate the post-necking true stress for some metals [39]. Jia 325 
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and Kuwamura [39] subsequently proposed a modified weighted average method using a linear 326 

relation for the lower and upper bound cases. The true post-necking stress-strain relationship 327 

can be obtained by a trial-and-error procedure until the numerical results agreed well with the 328 

experimental results. The modified weighted average method to determine the true post-329 

necking stress-strain relationship was supported by recent research studies [40-42]. In this 330 

study, therefore, the true stress-strain relationship in the post-necking stage was determined 331 

based on this approach. 332 

 In order to predict the corresponding fracture behaviour, the simplified Johnson-Cook 333 

fracture model was employed [43-45]. 334 

𝜀𝑓̅
𝑝𝑙 = 𝐶1 + 𝐶2𝑒−𝐶3𝜂 (3) 

where 𝜂  is the stress triaxiality, 𝜀𝑓
𝑝𝑙

 is the equivalent plastic strain to fracture [44, 46]. To 335 

simulate the fracture, the related elements were deleted from the model when the damage index 336 

∫ (𝐿 𝑢𝑓
𝑝𝑙

)⁄ 𝑑(𝜀̅𝑝𝑙)
𝜀̅𝑓

𝑝𝑙

0
 reached 1.0 [31], where L is the element characteristic length, which is 337 

calculated by ABAQUS automatically, 𝑢𝑓
𝑝𝑙

 is the effective plastic displacement corresponding 338 

to a failure point and was specified to be 0.1, and the evolution in the damage was assumed to 339 

be a linear relationship [47]. Due to a lack of material test data, a trial-and-error approach was 340 

adopted to calibrate the material parameters C1, C2, and C3 such that a satisfactory agreement 341 

between the FE analysis results and the test results in the descending branch of the load versus 342 

displacement response of the specimens was obtained [48, 49]. Finally, the values of the 343 

calibrated parameters are C1 = 0.08 and C2 = 2.0 for each steel grade, C3 = 3.0 for Q345 material, 344 

C3 = 2.6 for Q690 material, and C3 = 3.3 for Q960 material. 345 

 346 

3.2 Finite element analysis result 347 
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 348 

Table 2 summarises the ratio of the test ultimate loads (Pu,test) to those predicted by the 349 

FE analysis (Pu,FEM), i.e., Pu,test/Pu,FEM. For the Q345 specimens, the corresponding ratio varied 350 

from 0.97 to 1.01 (mean value = 0.99, CoV = 1.4%). For the Q690 specimens, the Pu,test/Pu,FEM 351 

ratio varied from 0.94 to 1.03 (mean value = 1.00, CoV = 1.9%). For the Q960 specimens, the 352 

ratio varied from 0.96 to 1.01 (mean value = 0.99, CoV = 1.5%). 353 

As presented in Fig. 5, the staggered net section fracture of the specimens predicted by 354 

the FE analysis agreed well with the failure mode of the specimens observed in the tests. Fig. 355 

6 shows that the FE load-displacement curves compared well with those from the test results. 356 

The FE load versus strain behaviour along the loading direction was in reasonable agreement 357 

with those obtained from the tests, as shown in Fig. 8. It should be noted that the readings of 358 

the two strain gauges (SG#1 and SG#2) on specimen P1G55S32M1 were not similar, which 359 

was different from the observations in specimens P1G55S32M2 and P1G55S32M3. This was 360 

because the actual location of strain gauge SG#2 on specimen P1G55S32M1 was not right at 361 

the middle of the plate edge but instead near the plate edge, resulting in the reading of SG#2 362 

smaller than that of SG#1 at the same load level. In Fig. 8, the predicted strain was extracted 363 

at the locations as those in the test. In addition, Fig. 11 shows the predicted deformation of the 364 

main plate and the corresponding equivalent plastic strain (PEEQ) contours at various 365 

unloading stages. The deformation behaviour of the main plate, especially for the post-ultimate 366 

stage such as necking of the plate edges, the sequence of plate fracture occurrence and the 367 

position of fracture, was well captured by the FE analysis. Furthermore, the smallest plate 368 

thickness on the inside edges of the bolt holes at the ultimate state predicted by the FE analysis 369 

(tFE) was extracted from specimens P1G40S32M1, P1G40S32M2 and P1G40S32M3, as shown 370 

in Figs. 15a to 15c. These predicted values are in good agreement with the measured values of 371 

thickness from the tests (ttest) with a maximum difference less than 3.0%. 372 
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The above has demonstrated that the FE model was able to predict well the structural 373 

behaviour and the ultimate loads of the specimens. Based on the validated FE model, the effects 374 

of s/g ratio on the fracture path and on the biaxial stress state along the staggered net section 375 

were further investigated. As shown in Figs. 15a to 15c, the initial positions of the fracture path 376 

on the bolt hole inside edges, which were identified by the smallest predicted plate thickness 377 

at the ultimate state, were similar for the three specimens with the same s/g ratio of 0.8. 378 

However, for specimens P1G30S15M2, P1G30S22M2 and P1G30S32M2 (Figs. 15d to 15f), 379 

the corresponding fracture positions varied with the s/g ratio ranging from 0.5 to 1.1. The initial 380 

position of the fracture path on the inside edge of the bottom bolt hole moved upwards along 381 

the hole edge slightly with increasing s/g ratio. Hence, it may be concluded that the s/g ratio 382 

could affect the fracture path position and the corresponding length of the fracture path. Fig. 383 

16 shows a comparison of the length between the inclined path predicted by the FE analysis 384 

( 𝐿FE)  and the commonly adopted theoretical fracture path ( 𝐿d ), which is defined as 385 

√𝑠2 + 𝑔2 − 𝑑0. It can be found that 𝐿FE was generally slightly larger than 𝐿d with a maximum 386 

difference of 6.6%. Therefore, the length of the actual fracture path between the staggered bolt 387 

holes was generally underestimated by that of the theoretical fracture path, which was assumed 388 

to be the line joining the corresponding centre of the staggered bolt holes. 389 

The stress vector plots at the loading stage of 0.9Pu,FEM for specimens P1G30S32M2, 390 

P1G30S15M2 and P2G30S15M2 with different s/g ratios and different stagger patterns are 391 

shown in Figs. 17a to 17c. As shown in the figures, the biaxial stress state exists in the areas 392 

near the bolt holes, and between the staggered bolt holes. The enlarged views of the stress plots 393 

in areas R1~R5 are shown in Figs. 17d to 17f. Obvious biaxial tensile stress state in the area 394 

adjacent to the outside edge of the bolt holes (i.e., areas R1 and R2) is observed in the three 395 

specimens. Because of the biaxial stress effect, higher axial stress (S11 in Fig. 17) is required in 396 

order for the plate material to reach the corresponding material tensile strength [10, 11]. This 397 
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finding is consistent with that in the previous study on connections without staggered bolts [6]. 398 

However, for specimen P1G30S15M2 with a smaller value of s/g ratio (s/g = 0.5), a small 399 

biaxial tensile stress state was observed adjacent to the inside edge of the bolt holes (i.e., areas 400 

R3 and R5), while in the middle area (i.e., area R4), there was no appreciable biaxial stress state, 401 

as shown in Fig. 17e. For specimen P1G30S32M2 with an s/g ratio of 1.1, the stress state in 402 

areas R3~R5 became biaxial tensile-compressive stress, as shown in Fig. 17d, which reduced 403 

the applied axial stress required to reach the material strength in the areas [11]. Therefore, the 404 

connection efficiency was smaller than 1.0 for the connections with a relatively larger value of 405 

s/g ratio, as shown in Table 2. Besides, this helps explain that the connection efficiency 406 

decreases with increasing pitch (s), as shown in Figs. 9a to 9c. As shown in Table 2, specimens 407 

P2G30S15M2 and P1G30S15M2 have the same s/g ratio but different stagger patterns. Figs. 408 

17c and 17f show that the biaxial tensile stress was more significant for specimen 409 

P2G30S15M2 than that of specimen P1G30S15M2. This is possibly due to the symmetrical 410 

arrangement of the three bolt holes along the staggered net section for pattern P2. Hence, the 411 

strength of the net section was consequently increased by the biaxial tensile stress effect. This 412 

finding helps explain the observation that the connection efficiencies of P2 series connections 413 

are higher than those of the P1 series with the same s/g ratio, as shown in Fig. 9d. 414 

 415 

4. Reliability analysis 416 

 417 

As specified in EN 1993-1-12 [2], the net section resistance of HSS up to S700 could 418 

be determined by Eq. (1). In a previous study, the authors have suggested that for HSS bolted 419 

connections without a staggered pattern, the net section resistance could be predicted 420 

conservatively by this equation with a partial factor 𝛾M12 = 1.25 [6]. In this study, however, 421 

the net section resistance Anetfu, where Anet was determined by the s2/4g rule, was over-estimated 422 
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for the HSS specimens with a relatively large s/g ratio. Therefore, a reliability analysis was 423 

conducted based on 48 test data, including 33 from this study and 15 from Jiang et al. [22] to 424 

evaluate the applicability of Eq. (1) to staggered bolted connections made using HSS up to 425 

Q960. 426 

In Eurocode, the target level of reliability was obtained by partial factor design. In this 427 

section, the evaluation of the partial factor was conducted according to the standard procedure 428 

as specified in EN 1990 [50]. The partial factor 𝛾M is defined as the ratio of the characteristic 429 

to the designed resistance to account for uncertainties of the model and the material properties, 430 

as well as the variations in dimensions [50], expressed as 431 

𝛾𝑀 =
𝑟𝑘

𝑟𝑑
 (4) 

𝑟𝑘 = 𝑏𝑔𝑟𝑡(𝑋𝑚) exp(−𝑘∞𝛼𝑟𝑡𝑄𝑟𝑡 − 𝑘𝑛𝛼𝛿𝑄𝛿 − 0.5𝑄2) (5) 

𝑟𝑑 = 𝑏𝑔𝑟𝑡(𝑋𝑚) exp(−𝑘𝑑,∞𝛼𝑟𝑡𝑄𝑟𝑡 − 𝑘𝑑,𝑛𝛼𝛿𝑄𝛿 − 0.5𝑄2) (6) 

where 𝑔𝑟𝑡(𝑋m) is the design model, i.e., Anetfu in this study, the corresponding value was 432 

determined based on the nominal dimensions and measured material properties. The average 433 

value of correction factor b is presented as ∑ 𝑟e𝑟t ∑ 𝑟t
2⁄ , where 𝑟e  and 𝑟t are the resistance 434 

obtained from experiment and theoretical calculation, respectively. The values of characteristic 435 

and design fractile factors, i.e., 𝑘n and 𝑘d,n, were determined based on the test number n [51, 436 

52]. For infinite n, 𝑘∞ = 1.64  and 𝑘d,∞ = 3.04  [50]. Parameters, including 𝑄rt , 𝑄δ  and 𝑄 437 

were obtained by the expressions of √ln (∑ 𝑉Xi
2𝑗

𝑖=1 + 1), √ln (𝑉δ
2 + 1), and √ln (𝑉r

2 + 1), 438 

respectively, where coefficients of variation 𝑉r = √𝑉δ
2 + ∑ 𝑉Xi

2𝑗
𝑖=1 , 𝑗 is the number of the 439 

variation (𝑉Xi) in the design model. The CoV value of the tensile strength of HSS material was 440 

taken as 0.055 [53]. The CoV of the plate width, hole spacing, and hole diameter were all 441 
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considered to be 0.005. For the plate thickness, the CoV was taken as 0.05 [54, 55]. Parameters 442 

𝛼rt and 𝛼δ are equal to 𝑄rt/𝑄 and 𝑄δ/𝑄, respectively. 443 

It is worth noting that the partial factor 𝛾M should be modified since the value of the 444 

characteristic resistance is different from the corresponding nominal resistance. Factor 𝑘c 445 

which is the ratio of the nominal resistance (𝑟n) to the characteristic resistance, i.e., 𝑘c = 𝑟n 𝑟k⁄  446 

was introduced. In the current research, 𝑟n was determined by the characteristic value of the 447 

measured material property and the nominal dimensions, expressed as 448 

𝑟𝑛 = 𝑔𝑟𝑡(𝑋𝑛) = 𝑔𝑟𝑡(𝑋𝑚)𝑒𝑥𝑝 (−2.0𝑉𝑟 − 0.5𝑉𝑟
2) (7) 

where the value of 𝑉r was equal to the maximum coefficient of variation based on the previous 449 

tests. Finally, the corrected partial factor 𝛾M
∗ is obtained by 450 

𝛾𝑀
∗ = 𝑘𝑐𝛾𝑀 =

𝑟𝑛

𝑟𝑘
∙

𝑟𝑘

𝑟𝑑
=

𝑟𝑛

𝑟𝑑
 (8) 

Based on the above procedure, the HSS connections test data from the current study 451 

was then evaluated statistically. Table 4 summarises the results of the statistical analysis. It can 452 

be seen that the corrected partial factor 𝛾M
∗ is equal to 1.126 for the design model Anetfu. For 453 

another design model with a factor of 0.9, i.e., 0.9Anetfu, the value of 𝛾M
∗ was reduced to 1.014. 454 

It indicates that the net section resistance of HSS staggered bolted connections can also be 455 

predicted conservatively by the current design equation in EN 1993-1-12. 456 

 457 

5. Summary and conclusions 458 

 459 

This study investigated the net section resistance of HSS staggered bolted connections 460 

experimentally and numerically. 48 bolted connection specimens were tested including 15 mild 461 

steel and 33 high strength steel specimens. All the specimens failed in net section fracture 462 

through the staggered path. Based on the test results, it was found that almost all the connection 463 
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specimens could reach the corresponding net section resistance (Anetfu). The average connection 464 

efficiency was 1.05, 1.03 and 1.01 for the Q345, Q690 and Q960 connection specimens, 465 

respectively. In addition, the HSS specimens exhibited much lower deformation capability 466 

compared with that of the MS specimens because of the lower ductility of HSS material. 467 

The structural behaviour of the specimens was further studied by finite element (FE) 468 

analysis. The FE analysis results indicated that the stress redistribution along the staggered net 469 

section for the HSS specimens was not significantly influenced by the lower ductility and lower 470 

fu/fy ratio of HSS materials when compared with those of MS materials. Based on the validated 471 

FE model, the length of the predicted failure path was also compared with the corresponding 472 

theoretical value according to the s2/4g rule. It was found that the length of the fracture path of 473 

the staggered net section was underestimated slightly by the s2/4g rule. 474 

The HSS connection specimens with a small s/g ratio were able to achieve the 475 

corresponding net section strength (Anetfu) because of the effective stress redistribution along 476 

the staggered net section combined with the beneficial effect of biaxial stress state. However, 477 

for the specimens with a large s/g ratio, the stress state across the staggered segment was 478 

changed to biaxial tensile-compressive stresses, which decreased the net section strength of the 479 

specimens. Thus, the corresponding net section resistance was slightly overestimated by Anetfu. 480 

 Finally, the results of the 33 HSS specimens from the current study was statistically 481 

analysed to re-evaluate the partial factor adopted in the current design formula. Based on the 482 

analysis results, the corrected partial factor 𝛾M
∗ was equal to 1.126 for the design model Anetfu, 483 

which was further decreased to 1.014 for the design model with a factor of 0.9, i.e., 0.9Anetfu. 484 

It may be concluded that for HSS staggered bolted connections, the corresponding net section 485 

resistance predicted by the current design equation in EN 1993-1-12 was conservative, where 486 

Anet can be determined by the s2/4g rule and the partial factor is equal to 1.25. It should be noted 487 

that the conclusions were based on the limited test data provided in this study. Special caution 488 
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of using the research findings should be taken if different dimensions of the connections or 489 

different bolt pattern arrangements are used. 490 

 491 
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Table 1 Comparison between specimen dimensions and geometric limits of EN 1993-1-8 

Geometric 

parameters 

Design 

values 
Geometric limits of EN 1993-1-8 

Geometric limits in mm  

(t = 5 mm, d0 = 13 mm) 

e1 40 1.2d0 ≤ e1 ≤ 4t + 40 mm 16 ≤ e1 ≤ 60 

e2 16 1.2d0 ≤ e2 ≤ 4t + 40 mm 16 ≤ e2 ≤ 60 

g 16-70 1.2d0 ≤ g ≤ min (14t and 200 mm) 16 ≤ g ≤ 70 

s 10-42 - - 

L 27, 31-82 L ≥ 2.4d0 L ≥ 31 

Note: the design value of L is obtained by 𝐿 = √𝑠2 + 𝑔2 
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Table 2 Measured dimensions of specimens, test results and FE predictions 

No. Specimen 
Measured dimensions     (mm)   Pu,test 

(kN) 

Pu,test 

/Pus 

Pu,test 

/Pu,FEM W t d0 s g s/g  

1 P1G30S10M1 62.8 5.7 13.1 10.2 31.3 0.3  129.2 1.06 1.00 

2 P1G30S15M1 63.2 5.8 13.1 14.9 30.5 0.5  138.7 1.08 1.01 

3 P1G30S22M1 62.3 5.8 13.1 22.2 31.0 0.7  140.9 1.06 1.01 

4 P1G30S32M1 62.7 5.8 13.1 32.4 30.2 1.1  147.4 0.99 0.99 

5 P1G40S15M1 72.9 5.8 13.1 15.0 40.8 0.4  168.8 1.07 0.98 

6 P1G40S22M1 72.7 5.8 13.1 21.7 40.0 0.5  168.9 1.04 0.98 

7 P1G40S32M1 72.8 5.8 13.1 31.8 40.7 0.8  172.4 0.99 0.99 

8 P1G55S15M1 88.1 5.8 13.1 15.0 54.7 0.3  219.3 1.06 0.97 

9 P1G55S22M1 87.9 5.8 13.1 22.3 55.5 0.4  217.5 1.04 0.97 

10 P1G55S32M1 87.7 5.8 13.1 31.8 55.6 0.6  216.9 1.00 0.99 

11 P1G16S22M1 48.4 5.8 13.1 22.3 16.3 1.4  108.5 1.11 1.00 

12 P1G16S27M1 48.8 5.8 13.1 27.0 16.2 1.7  112.1 1.01 0.97 

13 P2G30S10M1 92.7 5.8 13.1 10.0 29.7 0.3  199.2 1.10 0.98 

14 P2G30S15M1 92.8 5.8 13.1 15.1 30.1 0.5  205.0 1.10 1.00 

15 P2G30S22M1 92.7 5.8 13.1 22.1 30.2 0.7  215.0 1.07 1.00 

         Mean 1.05 0.99 

         CoV 3.7% 1.4% 

16 P1G30S10M2 62.8 5.8 13.1 9.6 30.4 0.3  180.1 1.05 1.00 

17 P1G30S15M2 62.6 5.8 13.1 15.2 30.3 0.5  184.1 1.04 1.01 

18 P1G30S22M2 62.7 5.8 13.1 22.0 30.8 0.7  186.7 1.00 1.01 

19 P1G30S32M2 62.8 5.9 13.1 32.0 30.6 1.1  203.0 0.98 0.99 

20 P1G40S15M2 72.7 5.9 13.1 14.9 40.5 0.4  230.8 1.04 1.01 

21 P1G40S22M2 72.6 5.8 13.1 22.2 39.8 0.6  230.6 1.01 1.01 

22 P1G40S32M2 72.8 5.8 13.1 31.8 39.9 0.8  236.8 0.97 1.00 

23 P1G55S15M2 87.9 5.8 13.1 15.3 55.3 0.3  305.0 1.06 0.99 

24 P1G55S22M2 87.9 5.8 13.1 21.9 55.5 0.4  303.2 1.03 0.99 

25 P1G55S32M2 87.4 5.8 13.1 31.9 54.7 0.6  301.6 0.99 1.01 

26 P1G16S22M2 48.9 5.8 13.1 21.9 16.8 1.3  149.9 1.09 1.03 

27 P1G16S27M2 48.3 5.8 13.0 26.9 16.3 1.7  150.3 0.98 0.94 

28 P2G30S10M2 92.6 5.9 13.1 10.2 30.0 0.3  275.5 1.08 0.99 

29 P2G30S15M2 92.5 5.8 13.1 14.9 29.9 0.5  286.6 1.09 1.00 

30 P2G30S22M2 92.7 5.8 13.1 21.7 30.1 0.7  301.2 1.07 1.01 

         Mean 1.03 1.00 

         CoV 4.0% 1.9% 

31 P1G30S10M3 62.3 4.9 13.1 10.4 30.3 0.3  189.6 1.02 0.98 

32 P1G30S15M3 62.8 4.9 13.1 15.2 29.3 0.5  195.2 1.01 0.99 

33 P1G30S22M3 62.7 4.9 13.1 22.0 29.9 0.7  201.4 0.98 0.97 

34 P1G30S32M3 62.7 4.9 13.1 31.9 30.2 1.1  218.1 0.97 1.00 

35 P1G40S15M3 72.3 4.9 13.1 14.9 40.1 0.4  246.5 1.04 1.00 
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Table 3 Mean value of the measured material properties 

Material 

Elastic 

modulus, E 

(GPa) 

Static yield 

strength, fy 

(MPa) 

Static tensile 

strength, fu 

(MPa) 

Ultimate 

strain, εu 

(%) 

Elongation at 

fracture, Δ 

(%) 

fu/fy 

Q345 

(t = 6 mm) 
210 474 566 13.87 27.44 1.19 

Q690 

(t = 6 mm) 
205 740* 789 6.17 16.78 1.07 

Q690 

(t = 10 mm) 
203 738* 789 6.42 20.15 1.07 

Q960 

(t = 5 mm) 
205 968* 1034 6.25 14.08 1.07 

Note: * - 0.2% proof stress 

 

Table 4 Results of statistical analyses of design net section resistance 

Design 

model 

No. of 

tests 
𝑘n 𝑘d 𝑏 𝑉δ 𝑉r 𝑘c 𝛾M 𝛾M

∗ 

Anetfu 48 1.70 3.31 1.039 0.041 0.085 0.995 1.132 1.126 

0.9Anetfu 48 1.70 3.31 1.154 0.041 0.085 0.896 1.132 1.014 

36 P1G40S22M3 72.7 4.9 13.1 21.8 40.4 0.5  248.8 1.00 1.00 

37 P1G40S32M3 72.6 4.9 13.1 32.1 39.2 0.8  257.4 0.97 1.01 

38 P1G55S15M3 87.4 4.8 13.1 15.0 54.8 0.3  326.5 1.05 0.99 

39 P1G55S22M3 87.4 4.8 13.1 21.9 54.5 0.4  323.5 1.02 1.00 

40 P1G55S32M3 87.7 4.9 13.1 31.8 54.9 0.6  322.2 0.97 0.99 

41 P1G16S22M3 48.7 4.9 13.1 22.0 16.8 1.3  155.9 1.04 0.99 

42 P1G16S27M3 48.3 4.9 13.1 26.9 16.3 1.6  161.4 0.97 0.96 

43 P1G70S22M3 102.6 4.8 13.1 22.0 69.9 0.3  392.5 1.01 0.96 

44 P1G70S32M3 102.4 4.8 13.1 32.0 69.9 0.5  393.7 0.98 0.97 

45 P1G70S42M3 102.5 4.9 13.1 42.1 70.0 0.6  401.5 0.97 0.99 

46 P2G30S10M3 92.6 4.9 13.1 10.4 30.7 0.3  288.1 1.04 0.96 

47 P2G30S15M3 93.0 4.8 13.1 15.1 30.5 0.5  305.2 1.06 0.99 

48 P2G30S22M3 93.1 4.8 13.1 22.1 29.9 0.7  323.3 1.04 0.99 

         Mean 1.01 0.99 

         CoV 3.3% 1.5% 
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Fig. 1 Biaxial stress state on a perforated plate without a staggered pattern 
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(a) Pattern 1 (P1) 

 

 

(b) Pattern 2 (P2) 

 

Fig. 2 Geometric configurations of test specimens 
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Fig. 3 Typical stress-strain curves of steel materials 

 

 

 

Fig. 4 Test setup 
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P1G40S15M1 P1G40S15M2 P1G40S15M3 P1G40S15M1 (FEM) 

     

P1G30S22M1 P1G30S22M2 P1G30S22M3 P1G30S22M2 (FEM) 

    

P1G30S32M1 P1G30S32M2 P1G30S32M3 P1G30S32M3 (FEM) 

    

P2G30S22M1 P2G30S22M2 P2G30S22M3 P2G30S22M3 (FEM) 

Fig. 5 Typical failure mode of the specimens 
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 (a)           (b)  

   
(c)           (d)  

   
(e)           (f)  

Fig. 6 Typical load-displacement curves
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Fig. 7 Layout of the strain gauges and measurement points 

 

 

 

(a) P1G55S32M1 
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(b) P1G55S32M2 

 

 

(c) P1G55S32M3 

Fig. 8 Load-strain curves along the loading direction 
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    (a)          (b) 

  

(c)          (d) 

Fig. 9 Effect of bolt stagger on the connection efficiency 
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(a) Effect of steel grade on overall displacement 

 

 (b) Effect of steel grade on connection efficiency 

Fig. 10 Effect of steel grade on overall displacement and connection efficiency 
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(a) Specimen P1G40S32M1 
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(b) Specimen P1G40S32M2 
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(c) Specimen P1G40S32M3 

Fig. 11 Deformation process along the staggered net section 
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(a) Specimen P1G40S32M1 

 

 

(b) Specimen P1G40S32M2 
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(c) Specimen P1G40S32M3 

Fig. 12 Measured thickness at typical positions on the main plate 
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(a) Main Plate 

 

    (b) Lap plate     (c) Bolt 

 

(d) Boundary conditions 

Fig. 13 Typical FE model (Specimen P1G30S32M2) 
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Fig. 14 Results of the mesh convergence study (Specimen P1G40S32M2)
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Position 
The smallest plate thickness on inside edges of the bolt holes (mm) 

ttest tFE  ttest tFE  ttest tFE  

on BH#1 4.95 5.02  5.38 5.33  4.54 4.43  

on BH#2 4.95 5.03  5.31 5.26  4.60 4.51  
 

(a) P1G40S32M1 (s/g=0.8) (b) P1G40S32M2 (s/g=0.8) (c) P1G40S32M3 (s/g=0.8) 

   

(d) P1G30S15M2 (s/g=0.5) (e) P1G30S22M2 (s/g=0.7) (f) P1G30S32M2 (s/g=1.1) 

Fig. 15 Comparison of the position of theoretical and predicted failure paths between the 

staggered bolt holes at the ultimate state 
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Fig. 16 Comparison of the length of predicted (LFE) and theoretical (Ld) failure path between 

the staggered bolt holes 

 

 

(a) Specimen P1G30S32M2 (s/g=1.1) (b) Specimen P1G30S15M2 (s/g=0.5) 

         

(c) Specimen P2G30S15M2 (s/g=0.5) 
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R1 R2 R3 R4 R5 

(d) The enlarged views of the stress plots on specimen P1G30S32M2 (s/g=1.1)
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(e) The enlarged views of the stress plots on specimen P1G30S15M2 (s/g=0.5)
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(f) The enlarged views of the stress plots on specimen P2G30S15M2 (s/g=0.5)

Fig. 17 Biaxial stress state across the staggered net section at loading stage 0.9Pu,FEM 
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