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Abstract 

The effects of end distance on thin sheet steel (TSS) bolted connections were 

investigated experimentally. The TSS grades G450, G500 and G550, with the respective 

nominal thicknesses of 1.90 mm, 1.20 mm and 0.42 mm, were used to fabricate the 

connection specimens. The connection specimens were assembled by one bolt in both single 

shear and double shear. The connection specimens in the single shear and double shear were 

designed in 5 series with different ratios of bolt diameter to connection plate thickness. In 

each series, the end distance of the connection specimen was varied. The connection 

specimens were subjected to tensile loading using the displacement control test method. The 

effects of end distance on the behavior of the specimens were obtained, including ultimate 

loads and failure modes. It was found that the ultimate loads were increased when the end 

distances were increased up to three times and five times the bolt diameter for single shear 

and double shear, respectively. Furthermore, the tearout failure mode progressed to bearing 

failure mode with the increment of the end distance. The experimental results were compared 

with the predicted nominal strengths and failure modes by using the Australian/New Zealand 

Standard (AS/NZS), North American Specification (NAS) and European Code (EC3-1.3) for 

cold-formed steel structures. Overall, it is found that both the NAS and EC3-1.3 

specifications generally provide conservative predictions, while the AS/NZS generally 

provides unconservative predictions. However, the reliability analysis showed that the design 

provisions of AS/NZS are reliable and probabilistically safe for the TSS bolted connections in 

this study. The AS/NZS, NAS and EC3-1.3 generally predict accurate failure modes of the 

specimens. However, the EC3-1.3 provides more accurate predictions when specimens fail in 

plate bearing. 
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1. Introduction 

 

Cold-formed steel structural members are normally fabricated from structural steel 

sheets by cold-rolling and brake-pressing methods [1], for examples, beams [2-3] (e.g., 0.48 

mm G550 and 1.0 mm G500 in [3], where G550 and G500 are steel grades of 550 and 500 

MPa with nominal 0.2% proof stresses, respectively) and columns [4-5] (e.g., 0.48 mm G550 

and 1.0 mm G500). Structural steel sheets could also fabricate roof purlins [6], sandwich 

panels [7], profiled roofing sheets [8], members in portal frames [9] and roof trusses [10]. 

The thickness of the fabricated steel sheets in the construction could be less than 1.0 mm, for 

example, the thickness of brace member in the steel truss is 0.75 mm [10]. Structural 

members in cold-formed steel structures are commonly assembled by bolted connections in 

construction. Design rules for cold-formed steel bolted connections subjected to tensile 

loading are currently available in specifications [11-13]. The designs cover different failure 

modes of the bolted connections, including the failure modes in the connection plate such as 

bearing, tearout (shear rupture) and net section tension (tension rupture). 

Rogers and Hancock [14] investigated 158 single shear (single overlap) bolted 

connection specimens assembled by thin sheet steels (TSS) at room (ambient) temperature 

condition that focused on the strength of the connection failure in the sheets, where TSS 

grade G550 with nominal thickness (t) of 0.42 mm and 0.60 mm, and grade G300 with t of 

0.60 mm were used to fabricate the specimens. Furthermore, another 18 specimens assembled 

by TSS 0.80 mm G550, 1.00 mm G550 and 0.80 mm G300, were tested to complement the 

aforementioned 158 tests [15]. Based on these findings, the Australian/New Zealand Standard 

(AS/NZS) [11] and North American Specification (NAS) [12] improved the bearing failure 

design of bolted connections. More recently, Yan and Young [16-18] conducted hundreds of 

experimental tests and numerical models on the effects of elevated temperatures on TSS (0.42 

mm G550, 1.20 mm G500 and 1.90 mm G450) bolted connections. Subsequently, design 

rules were proposed for TSS bolted connections failure in the bearing of the sheets at 

elevated temperatures [18]. 

End distance (e1), i.e., the distance measured in the line of force from the center of the 

bolt hole to the nearest edge of an adjacent hole or to the end of the plate [11], has effects on 

the ultimate strength and failure mode of a bolted connection subjected to tensile loading. In a 

one-bolted connection specimen with sufficient connection plate width and bolt diameter (d), 

the connection strength increases with the increment of e1 in a certain range, while the 

corresponding failure mode progresses from tearout to bearing in the connection plate. These 

have been reported in the one-bolted connections of cold-formed steel [19], structural steel 

[20] stainless steel [21-22] and more recently in high strength steel [23]. Teh and Uz [24] 

found that the equations for the ultimate shear-out (tearout) capacity of structural steel bolted 

connections in AISC Specification [25] lead to significant errors, while a more accurate 

equation was proposed. It should be noted that the effects of e1 on TSS bolted connections 

were investigated in specimens fabricated by 0.42 mm G550, 0.60 mm G550 and 0.60mm 

G300 in single shear only [24], but there have been no investigations of TSS 1.20 mm G500 

and 1.90 mm G450. 

In this study, the effects of e1 on TSS single shear and double bolted connections were 

investigated experimentally. Three different grades of TSS, namely, 0.42 mm G550, 1.20 mm 



G500 and 1.90 mm G450, were used to fabricate the connection specimens. The connection 

specimens in single shear and double shear were assembled by one bolt, and 5 series were 

designed with different ratios of d/t. In each series, the e1 of the connection specimens was 

varied. The connection specimens were subjected to tensile loading using the displacement 

control test method. The effects of e1 on the structural behavior of the specimens were 

obtained, i.e., load versus deflection curves, ultimate loads and failure modes. In addition, the 

experimental ultimate loads and failure modes were used to assess the accuracy of the 

predictions by design specifications for cold-formed steel structures, i.e., the AS/NZS [11], 

NAS [12] and European Code [13]. The reliability of the current design rules was evaluated 

using reliability analysis. 

 

 

2. Coupon tests 

 

The material properties of the three different grades of TSS, namely, 0.42 mm G550, 

1.20 mm G500 and 1.90 mm G450, were measured using coupon tests. The TSS coupon 

specimens, having the respective gauge length and width of 25 mm and 6 mm, were cut in the 

rolling direction [16]. One coupon specimen was extracted from the steel sheets, and tested 

for each grade of TSS. Two strain gauges and a calibrated extensometer were used to measure 

the longitudinal strain of the specimen during the test. It should be noted that the zinc coating 

at the gauge length was removed in the coupon specimens. The coupon specimens were 

tested in an MTS tensile testing machine. The testing procedure suggested by Huang and 

Young [26] was adopted. Fig. 1 illustrates a close view of the test setup for the coupon tests. 

All the coupon specimens were fractured within the gauge length in the tests, i.e., within the 

measurements of the extensometer. The stress-strain curves of the three different grades of 

TSS are plotted in Fig.2. Table 1 summarizes the material properties of the TSS in this study, 

including Young’s modulus (E), longitudinal 0.2% proof stress (f0.2), longitudinal ultimate 

strength (fu), ultimate strain (εu) and fracture strain (εf). In addition, the average values of the 

measured width and thickness (after zinc coating removed) within the gauge length of the 

specimens were reported. 

 

 

3. Bolted connection tests 

 

3.1. General 

 

Overall, 43 TSS bolted connection tests were conducted. The connection specimens 

were fabricated by the TSS 0.42 mm G550, 1.20 mm G500 and 1.90 mm G450. Each 

specimen was assembled by one bolt. The specimens were designed by varying the end 

distance (e1), namely, the value of e1/d in this study. The tests were conducted by applying 

tensile loading at the specimen two ends with pin-end boundary conditions. The relationship 

between the applying load and the deflection, ultimate loads and failure modes of the 

specimen were obtained. 

 



3.2. Specimen design and labeling 

 

The TSS bolted connection specimens were designed in two types, single shear and 

double shear. A single bolt was used in each specimen. The single shear specimen was bolted 

with two identical TSS plates and the double shear with three identical TSS plates. However, 

the two external plates for double shear had a constant value of end distance e1 = 4d. The 

connection plates were cut from the same batch of TSS as those for the coupon tests. The 

width (w) of the connection plates was kept as 50 mm. The length (L) of the connection plates 

was varied from 353 to 417 mm. The total length of 690 mm was maintained in the 

assembled specimens. The sizes of the bolt holes (do) were standardized by following the 

AS/NZS [11] and NAS [12], where do = (d + 1) mm if d < 12 mm, otherwise, do = (d + 2) 

mm is used. Grade 12.9 high strength steel bolts of different sizes were used, i.e., M6, M8 

and M12. Washers at the two sides and nuts were used correspondingly. Fig. 3 illustrates the 

definition of symbols in the TSS plate. Tables 2-3 show the details of connection bolts and 

corresponding washers, respectively. The spacing requirements for a one-bolted connection 

specimen from different design specifications are illustrated in Table 4. 

In each connection type, 5 different series were designed by using different sizes of d, as 

shown in Table 5. In each series, the value of e1 was varied, where e1 = d, 2d, 3d and 5d were 

designed for the single shear, and e1 = d, 3d, 5d and 6d were designed for the double shear. 

The larger values of e1 were designed for the double shear bolted connections compared with 

those for single shear bolted connections, e.g., e1 = 5d compared with e1 = 3d. This is because 

for the same value of e1, the bearing strengths of double shear are larger than those of the 

single shear, as reflected in the larger value of modification factor (mf = 1.00 for single shear 

and mf = 1.33 for double shear) is being used in the bearing strength calculation, e.g., AS/NZS 

[11] and NAS [12], which is illustrated in Section 4.2 of the present paper. Hence, the same 

value of e1 used enable pure plate bearing failure for single shear bolted connections, but may 

not guarantee the pure plate bearing failure for double shear bolted connections. The 

relatively larger values of e1 were designed for the double shear bolted connections such that 

the failure modes of the connection specimens progressed from pure plate tearout to pure 

plate bearing could be achieved, i.e., the effects of e1 in the failure modes from tearout to 

bearing. Similar design of larger e1 for plate bearing failure of double shear bolted 

connections at elevated temperatures was adopted by Yan and Young [19]. In the present 

study, the values of e1 were further increased for both single shear and double shear, e.g., e1 = 

5d and e1 = 6d, such that the effects of e1 on the connection strengths under the same failure 

mode could be investigated. 

Each bolted connection specimen was labeled such that the t of the TSS, the connection 

type, the d and the e1 could be identified, as shown in Tables 6-7. For the examples of 

specimens “042-S-12-d” and 120-D-10-3d-r, the first segment indicates the t = 0.42 mm for 

042 and t = 1.20 mm for 120 in the connection. The following segment means the connection 

type of single shear (S) and double shear (D). The third segment stands for the value d (d = 

12 mm and d = 10 mm). The last part of the labeling indicates the e1 value (e1 = d and e1 = 3d) 

in the connection. If it is a repeated test, the letter “r” is used in the last. Therefore, the bolted 

connection specimens were also identified in series with the last segment omitted, for 

example, Series 042-S-12 and Series 120-D-10. 



3.3. Testing procedure 

 

The experimental investigations of the TSS bolted connection specimens were carried 

out in an MTS machine. Figs. 4 and 5 illustrate the schematic view of the test setup for TSS 

single shear and double shear bolted connections, respectively. The elongation of the 

specimen was captured by the average readings of the two linear variable displacement 

transducers (LVDTs) during the test. The LVDTs were assembled in a frame that covered a 

distance of 200 mm in the middle part of the specimen. A length of 65 mm at each end of the 

specimen was assembled into the gripping apparatus. The specimen ends were fixed by the 

“fixed plate” and “adjustable plate” (see Figs. 4-5) by tightening the “bolts for fixing”. The 

gripping apparatus was designed such that the tensile loading was applied either through the 

shear plane of the specimens in single shear or concentrically loaded for the specimens in 

double shear [27]. The pin-ended boundary conditions of the gripping apparatus to the steel 

block were achieved by removing the “shanks” after tightening the “bolts for fixing”. The 

steel blocks were subsequently fixed to the grips of the testing machine. The descriptions of 

the test rig and operation for the bolted connections subjected to tensile loading are detailed 

in Cai and Young [27]. The curling up at the connection part was prevented by clips linked 

with iron wire [5, 7]. Tensile loading was applied onto the connection specimen by driving 

the actuator of the testing machine. The tests were conducted by displacement control with a 

constant rate of 1.0 mm/min. The applied load and the readings of LVDTs were recorded in a 

data acquisition system. Fig. 6 illustrates a typical test setup for a TSS double shear bolted 

connection. 

 

3.4. Test results 

 

The structural behavior of the TSS bolted connection specimens were obtained, 

including the relationship between the applied load and deflection during the tests, the 

ultimate loads (Pu) and failure modes. Figs. 7-8 exemplify the load-deflection curves of TSS 

bolted connection for single shear Series 120-S-12 and double shear Series 120-D-12, 

respectively. The measured average deflection obtained by the two LVDTs for each specimen 

is plotted. The Pu of the connection specimens are shown in Tables 6-7 for single shear and 

double shear, respectively. The measured thicknesses (tm) of the specimens (with coating not 

removed) are also reported in the tables. The failure modes of the connection specimens are 

shown in Tables 8-9, for single shear and double shear, respectively. In the present study, the 

test failure modes include tearout failure (T) and bearing failure (B). Their characteristics are 

detailed by Rogers and Hancock [14], and by Yan and Young [18]. 

 

 

4. Design rules 

 

4.1. General 

 

Design rules for cold-formed steel bolted connections are provided in the current 

international specifications, including AS/NZS [11], NAS [12] and EC3-1.3 [13]. These 



design rules are used to calculate the nominal strengths (unfactored design strengths) of the 

specimens in this study. Different failure modes are associated with the different design 

equations [11-13]. Hence, the minimum nominal strength is taken as the predicted strength of 

a bolted connection and, correspondingly, the predicted failure mode. A bolted connection 

specimen subjected to tensile loading may fail in the bolt by shear, or fail in the connection 

plate by bearing, tearout (shear rupture) or net section tension (tension rupture). 

 

4.2. Bearing failure 

 

For bolted connection specimens that have failed in plate bearing, the nominal strength 

(Pb) on each bolt in the AS/NZS [11] and the NAS [12] is re-written in Eqs. (1)-(2), where 

bolt hole deformation is considered: 

 

 𝑃𝑏 = 𝐶𝑚𝑓𝑑𝑡𝑏𝑓𝑢 (1) 

 

 𝐶 = {

3.0                                          𝑑/𝑡𝑏 < 10
4 − 0.1(𝑑/𝑡𝑏)                        𝑑/𝑡𝑏 ≤ 22
1.8                                          𝑑/𝑡𝑏 > 22

 (2) 

  

in which C is the bearing factor; mf is the modification factor with mf = 1.00 for single 

shear and mf = 1.33 for double shear; tb is the uncoated sheet (base metal) thickness. It should 

be noted that Eqs. (1)-(2) apply for 0.42mm ≤ tb≤ 4.76mm in AS/NZS [11] and 0.61 mm ≤ tb≤ 

4.76 mm in NAS [12]. The TSS 0.42 mm G550 mm in this study is outside the range 

specified in NAS [12]. The NAS [12] is used for TSS 0.42 mm G550 mm as a direct 

comparison in this study. It should be noted that bearing strength with consideration of bolt 

hole deformation was not considered in the present study, e.g, the Eq. 5.3.4.3 in Section 

5.3.4.3 of the AS/NZS [11] and the Eq. J3.3.2-1 in Section J3.3.2 of the NAS [12]. 

In EC3-1.3[13], the Pb is calculated by the following Eqs. (3)-(4): 

 

 𝑃𝑏 = 2.5𝛼𝑏𝑘𝑡𝑓𝑢𝑑𝑡 (3) 

 

 𝑘𝑡 = {
(0.8𝑡 + 1.5)/2.5               0.75𝑚𝑚 ≤ 𝑡 ≤ 1.25
1.0                                        𝑡 > 1.25𝑚𝑚              

 (4) 

 

where αb is the smallest of 1.0 or e1/(3d); kt is the modification factor. It should be noted 

that TSS 0.42 mm G550 in this study is also outside the range in the calculation of kt. The 

(0.8t+1.5)/2.5 was used to calculate the value of kt for TSS 0.42 mm G550. 

 

4.3. Tearout failure 

 

The tearout failure occurs with inadequate length of e1. The nominal strength (Ptear) for 

the tearout failure on each bolt specified in AS/NZS [11] is shown in Eq. (5). In NAS [12], 

the calculation of Ptear refers to shear rupture failure in Section J6.1 [12], and it is re-written 

in Eq. (6), in which Anv is the net area subject to shear (parallel to force). The calculation of 



Anv equals to 2ntenet, where n is the number of fasteners on the critical cross-section; enet is the 

clear distance between the end of the material and the edge of the fastener hole. It should be 

noted that AS/NZS [11] takes into consideration the e1 with coefficient of 1.0, while the NAS 

[12] considers enet (enet = e1 – do/2) with the coefficient of 1.2, as shown in Eqs. (5) and (6). 

 

 𝑃𝑡𝑒𝑎𝑟 = 𝑒1𝑡𝑏𝑓𝑢 (5) 

 

 𝑃𝑡𝑒𝑎𝑟 = 0.6𝐴𝑛𝑣𝑓𝑢 = 1.2𝑒𝑛𝑒𝑡𝑡𝑏𝑓𝑢 (6) 

 

4.4. Net section tension failure 

 

For net section tension failure, the nominal strength (Pnet) is specified in Clause 3.2.2 

and Clause 5.3.3 of the AS/NZS [11], where the nominal strength is determined by the 

minimum calculated from Eqs. (7)-(9). 

 

 𝑃𝑔𝑟 = 𝐴𝑔𝑓𝑦 (7) 

 

 𝑃𝑛𝑒𝑡 = 0.85𝑘1𝐴𝑛𝑓𝑢 (8) 

 

 𝑃𝑛𝑒𝑡 = (0.9 + (0.1𝑑/𝑠𝑓))𝐴𝑛𝑓𝑢 (9) 

 

where Pgr is the nominal section capacity of a member in tension; Ag is the gross area of 

the cross-section; fy is the yield stress used in design, and fy = f0.2 in this study; k1 is the 

correction factor for distribution of forces, and k1 = 1.0 in the present study; An is the net area 

of the cross-section; sf is spacing of bolts perpendicular to the line of the force or width of 

sheet, in the case of a single bolt. In NAS [12], the nominal strength of net section tension 

failure refers to the calculation of tension rupture failure as specified in Section J6.2. The 

calculation is the same as Eq. (9) shown above. However, it should be noted that the NAS [12] 

does not require the calculation of Eq. (8). 

In EC3-1.3 [13], the Pnet is calculated according to Eq. (10) in addition to Eq. (7) shown 

above: 

 

 𝑃𝑛𝑒𝑡 = (1 + 3𝑟(𝑑𝑜/𝑢 − 0.3))𝐴𝑛𝑓𝑢 (10) 

 

where r = (number of bolts at the cross-section) / (total number of bolts in the 

connection), and r = 1.0 in the present study; u equals the width of the connection sheet. 

 

 

5. Effects of end distance 

 

5.1. Ultimate loads 

 

The effects of e1 on the Pu of the TSS bolted connections were investigated. Figs. 9-10 

plot the Pu against the variations of e1/d for the connections in single shear and double shear, 



respectively. For the single shear (see Fig. 9), it is shown that the Pu increase obviously with 

the increment of e1/d from 1 to 3 for each series. The increments of Pu are larger from e1/d = 

1 to e1/d = 2 than from e1/d = 2 to e1/d = 3. The Pu are generally maintained when the values 

of e1/d increase from 3 to 5. Similarly for the double shear (see Fig. 10), the Pu increase 

obviously with the values of e1/d increase from 1 to 5 for each series. The increments of Pu 

are larger from e1/d = 1 to e1/d = 3 than from e1/d = 3 to e1/d = 5. The Pu are generally 

maintained when the values of e1/d increase from 5 to 6. This may indicate that for TSS 

single shear bolted connections, the Pu are generally maintained when the e1 ≥ 3d, while for 

the double shear bolted connections, the e1 = 3d is not enough to maintain the ultimate loads. 

This will be discussed further in the later section. Note that bolt shear failure and net section 

tension failure were deliberately avoided in the specimen designs, and not found in the test 

results. 

 

5.2. Failure modes 

 

The failure modes of the connection specimens are shown in Tables 9-10, for single 

shear and double shear, respectively. For the single shear (see Table 9), all the connection 

series failed in tearout (T) with e1/d = 1 and e1/d = 2. The tearout failure mode was not found 

when e1 was increased to 3d; instead, the bearing failure (B) mode took over. The specimens 

failed in the same bearing failure when e1 was increased from 3d to 5d. For the double shear 

(see Table 10), the specimens failed obviously in tearout with e1 equaled to d, and such 

failure mode was not that obvious when the e1 was increased to 3d, where the splitting of 

material at the end of the plates occurred. This phenomenon of splitting at the end of the 

plates at a relatively smaller value of e1 was also found in Wang et al. [23] for double shear 

bolted connections assembled by high strength steel plates. The characteristics of tearout or 

splitting of material at the end of the plates were not observed for e1 = 5d and e1 = 6d. Instead, 

pure bearing failure mode was observed. Figs. 11-15 illustrate the failure modes of specimen 

series 120-S-10, 190-S-10, 042-D-12, 120-D-12 and 190-D-10, respectively. 

 

5.3. Single shear and double shear 

 

The ultimate strengths and failure modes of TSS bolted connections between single 

shear specimens and double shear specimens for the same bolt hole and end distance are 

investigated. In the present study, all the connection specimens were designed with one bolt 

hole. Fig. 16 plots the normalized values of ultimate strength against the end distance in 

terms of e1/d. The normalized values in the vertical axis were obtained by dividing the 

ultimate strengths of double shear bolted connections with those of the single shear bolted 

connections, which is normalized by the ultimate strengths of single shear bolted connections. 

The labeling systems for the specimens described in Section 3.2 of this paper were adopted 

for the legends in the figure, but simplified to distinguish the plate thickness and bolt 

diameter, e.g., 042-12. It was found that for the same end distance of e1/d, the strengths of 

double shear are generally higher than those of single shear, as evident by the normalized 

values greater than 1.0. As the end distance increases, e.g., from e1/d = 1.0 to e1/d = 5.0, the 

normalized values are getting larger, from the maximum of 1.09 for e1/d = 1.0 to the 



maximum of 1.43 for e1/d = 5.0. In addition, it is shown that for the lower values of d/t, the 

normalized values increases more obvious as the end distance of e1/d increases, e.g., the 

increment of 042-12 with d/t = 25.6 increased from 1.09 to 1.18, compared with that of 

120-12 with d/t = 6.7 increased from 0.99 to 1.43. While for the failure modes of the single 

shear and double shear bolted connections, the pure tearout failure mode was found for both 

single shear and double shear when e1/d = 1.0. The failure mode was progressed to pure 

bearing as e1/d increased from 1.0 to 3.0 for single shear bolted connections; while the tearout 

failure mode still exists for double shear bolted connections as e1/d increased from 1.0 to 3.0, 

as described previously in Section 5.2 of the present paper. This indicates that the end 

distance of e1/d = 3.0 is sufficient to obtain pure bearing failure mode for single shear bolted 

connections, but may not be the case for double shear bolted connections, which were 

explained in the specimen design in Section 3.2 and illustrated by the modification factors in 

the bearing strength design in Section 4.2 of this paper. However, the pure bearing failure was 

obtained for both single shear and double shear bolted connections when e1/d was further 

increased to 5.0. 

 

 

6. Comparison of test results with predictions 

 

6.1. General 

 

The experimental results were compared with the predicted results using the 

cold-formed steel design specifications [11-13] in terms of connection strengths and failure 

modes. In the calculation of predicted strengths, the aforementioned design equations in 

Section 4 of this paper were used. It should be noted that, in Clause 1.5.1.1 of AS/NZS [11], 

it is stated that for steel Grade 550, if the thickness is less than 0.6 mm, the use of f0.2 and fu 

are taken as 90% of the corresponding specified values or 410 MPa, whichever is the lesser. 

In NAS [12], for steels with 3% ≤ elongation < 10% as specified in the Section A3.1.2 [12], a 

reduced yield stress of 0.9f0.2 and the tensile strength of 0.9fu should be used in place of f0.2 

and fu, respectively; and for steels with elongation < 3% as specified in the Section A3.1.3 

[12], the use of f0.2 is taken as the lesser of 0.75f0.2 and 414 MPa; and the use of fu is taken as 

the lesser of 0.75fu and 427 MPa. Note that the EC3-1.3 [13] does not specify the reduced 

values of f0.2 and fu in the calculations. 

The obtained material properties (see Table 1) of the three different grades of TSS and 

the measured thicknesses (tm) of the connection specimens were used in the calculation. 

However, the nominal thickness of steel 0.42 mm G550 is less than 0.6 mm, hence, the 

aforementioned Clause 1.5.1.1 of AS/NZS [11] was followed, and the value of 410 MPa was 

adopted. The steel 1.20 mm G500 had an elongation of 9.2% (see Table 1) which was within 

3% ≤ elongation < 10% and steel 0.42 mm G550 had an elongation of 2.9% (see Table 1), less 

than 3%. Hence, the aforementioned rules specified in sections A3.1.2 and A3.1.3 of NAS [12] 

were also followed in the calculations. The values of 0.9f0.2 and 0.9fu were used for steel 1.20 

mm G500; while the values of 414 MPa and 427 MPa were adopted for f0.2 and fu of steel 

0.42 mm G550, respectively. For the purpose of direction comparison, the obtained material 

properties without reductions were also used in the calculation. 



6.2. Comparison of test and predicted strengths 

 

The predicted strength was determined by the minimum nominal strength of a bolted 

connection by considering different failure modes [11-13]. Note that bolt shear failure was 

deliberately avoided in the specimen design, and this failure mode was not observed in the 

test results. Tables 6-7 show the comparisons between the Pu and the predicted strengths for 

the single shear and double shear, respectively. The predicted strengths by using the reduced 

material properties were also obtained and compared, where the results are bracketed as 

shown in Tables 6-7. Table 8 summarizes the comparison of the TSS bolted connections, 

where the un-reduced material properties were used as a direct comparison. 

For TSS single shear bolted connections (see Table 6), both the NAS [12] and EC3-1.3 

[13] generally provide conservative predictions for all the series of connections, while the 

predictions by EC3-1.3 [13] are less conservative and less scattered, e.g., the mean values of 

Pu/PNAS and Pu/PEC for steel 1.20 mm G500 are 1.10 and 1.02 with the corresponding 

coefficient of variation (COV) of 0.312 and 0.089. When the reduced material properties are 

used, the NAS [12] provides more conservative predictions, e.g., the Pu/PNAS increases from 

1.14 to 1.98 for steel 0.42 mm G550. It was found that the AS/NZS [11] provides 

unconservative predictions for all the series of connections, as the mean values of Pu/PAS/NZS 

are smaller than 1.00. However, the predictions become very conservative when the reduced 

material properties are used, e.g., the mean of Pu/PAS/NZS increases from 0.93 to 1.68 for steel 

0.42 mm G550. As summarized in Table 8, it was found that the EC3-1.3 [13] provides less 

conservative and less scattered nominal strength predictions than NAS [12], while the 

AS.NZS [11] provides un-conservative predictions. 

For double shear bolted connections (see Table 7), both the NAS [12] and EC3-1.3 [13] 

generally provide conservative predictions for all the connection series. However, the NAS 

[12] provides less conservative but more scattered predictions, e.g., the mean values of 

Pu/PNAS and Pu/PEC for steel 0.42 mm G550 are 1.02 and 1.14 with the corresponding COV of 

0.375 and 0.126. Similar to the single shear, the NAS [12] provides more conservative 

predictions when the reduced material properties are used; e.g., the mean value of Pu/PNAS 

increases from 1.09 to 1.21 for steel 1.20 mm G500. The AS/NZS [11] generally provides 

unconservative predictions for all the series of connections when the unreduced material 

properties are used. However, the predictions become very conservative when the reduced 

material properties are used, e.g., the mean value of Pu/PAS/NZS increases from 0.85 to 1.54 for 

steel 0.42 mm G550. As summarized in Table 8, it was found that the NAS [12] provides less 

conservative but more scattered nominal strength predictions than EC3-1.3 [13], while the 

AS.NZS [11] provides un-conservative predictions. 

As mentioned in Section 5.2, the test failure modes of the TSS connection specimens 

included tearout and bearing failure modes only. The strengths calculation for the failure 

modes of tearout and bearing are related closely to the parameters of t, fu, d and e1/d, as 

shown in Eqs. (1)-(6). Therefore, the factors of Pu/fudt for the TSS connection specimens 

were calculated, where the unreduced material properties of fu (see Table 1) were used. The 

relationships between the Pu/fudt and e1/d for each specimen are shown in Figs. 17-18, for 

single shear and double shear, respectively. The curves predicted by the design equations 

from the specifications [11, 13] are also shown. It should be noted that, in the calculation of 



Equation (4), the average measured values of 0.47 mm for TSS 0.42 mm G550 were used 

instead of using the nominal thickness of 0.42 mm. The nominal ratios of d/t for each 

specimen series are also indicated, with the actual values of d/tm shown in Tables 6-7. The 

curves of NAS [3] were not plotted as the value of enet (enet = e1-do) in Eq. (6) for the shear 

fracture (tearout) was not related directly to d, due to the subtraction of do in the calculation. 

However, it should be noted that the design equations for bearing failure in NAS [12] and 

AS/NZS [11] are the same (see Eq. (1)-(2)). As shown in Figs. 17-18, the EC3-1.3 [13] 

(dotted lines with black color) gives better predictions than AS/NZS [11] (solid lines with red 

color) for the trends of Pu/fudt with the increment of e1/d. 

 

6.3. Reliability analysis 

 

Reliability analysis was performed for the TSS bolted connection design rules used in 

this study. The analysis was conducted in accordance with those specified in the North 

American Specification (NAS) for the Design of Cold-Formed Steel Structural Members [12]. 

The aforementioned bolted connection design provisions in the AS/NZS [11], NAS [12] and 

EC3-1.3 [13] as specified in Section 5.2 of this paper were examined. It should be noted that 

Section A.6 of the EC3-1.3 [13] provides the procedure for evaluation of test results. For 

direct comparison, the reliability analysis that specified in the NAS [12] was used in this 

study. 

In the present study, the reliability index (β) greater than or equal to 3.5 as specified in 

Section K2.1 of the NAS [12] was set for the design provisions being considered reliable and 

probabilistically safe. The resistance factors () for bolted connection strength design as 

recommended by the AS/NZS [11], NAS [12] and EC3-1.3 [13] are shown in Table 8. They 

were used in the calculation of the reliability index (β). It should be noted that different 

resistance factors are specified for bolted connections subjected to different failure modes 

[11-12], e.g., 0.6 and 0.9 for the failure modes of bearing and net section tension, respectively 

[11]. The resistance factor of 0.6 was used in the reliability analysis for both AS/NZS [11] 

and NAS [12]. This is because the present study mainly focused on the TSS bolted 

connections subjected to failure of teaout and bearing, which are also the main failure modes 

predicted by AS/NZS [11] and NAS [12], as detailed in Section 6.4 of this paper. The 

resistance factor of 0.8, which is 1/1.25, was used for EC3-1.3 [13]. This resistance factor is 

specified in Table 8.4 of the EC3-1.3 [13] for different failure modes of bolted connections. 

In addition, the load combinations of 1.2DL + 1.5LL [28], 1.2DL + 1.6LL [12] and 1.35DL + 

1.5LL [29] were used for the design provisions of AS/NZS [11], NAS [12] and EC3-1.3 [13], 

respectively; where DL represents the dead load while LL represents the live load. The ratio 

of 0.2 was used for DL/LL. The statistical parameters suggested in Section 6.2 of the NAS 

[12] were used, where Mm = 1.10, Fm = 1.00, VM = 0.08 and VF = 0.05, which are the mean 

values and coefficients of variation of material factor and fabrication factor, respectively. In 

addition, the mean value (Pm) and the coefficients of variation (VP) of tests to the design 

prediction ratios (used unreduced material properties) are shown in Table 8. A correction 

factor (CP) in the Section K2.1 of the NAS [12] was used to take into consideration of the 

influence of limited number of test data, where CP = (1+1/n)m/(m-2), in which n is the 

number of tests and m = n-1 is the degrees of freedom. The reliability index (β) for the TSS 



single shear and double shear bolted connections were calculated, and reported in Table 8. 

It was found that the design provisions of AS/NZS [11] are reliable and probabilistically 

safe for TSS bolted connections in both single shear and double shear, as evident by the value 

of β not less than 3.5, except for single shear where β = 3.49 which is very close to the target 

value of 3.5. On the contrary, the design provisions of NAS [12] and EC3-1.3 [13] are not 

reliable and probabilistically not safe due to the smaller values of β (< 3.5), although it has 

been shown that the predictions by NAS [12] and EC3-1.3 [13] are generally conservative 

with the mean values of test to predictions greater than 1.0. This may be due to the relatively 

large values of COV in the predictions [12-13], e.g., 0.287 and 0.309 for single shear and 

double shear, respectively, for NAS [12]. For the purpose of direct comparison, a constant 

resistance factor of 0.60 and a load combination of 1.2DL +1.6LL as specified in the NAS 

[12] were used to calculate the reliability index (β), as shown in (x)
*
 in Table 8. It is shown 

that the design provisions of AS/NZS [11] are more reliable and probabilistically safe due to 

the increased values of β. The design provisions of EC3-1.3 [13] become reliable and 

probabilistically safe, this is mainly due to the resistance factor was reduced from 0.80 to 

0.60. 

 

6.4. Comparison of test and predicted failure modes 

 

The failure mode associated with the minimum nominal strength for each specimen was 

taken as the predicted failure mode. Tables 9-10 show the predicted failure modes for single 

shear and double shear, respectively. It should be noted that the effect of e1 on the bolted 

connection strength is incorporated into the strength calculation of bearing failure by the 

coefficients of αb (see Eq. (3)) in the EC3-1.3 [13], hence, EC3-1.3 [13] does not distinguish 

the tearout failure and bearing failure, but predicts the two failure modes as bearing failure. 

However, the AS/NZS [11] and NAS [12] provide tearout (shear fracture) failure and bearing 

failure modes. 

For TSS single shear, it was found that the AS/NZS [11] is able to predict the failure 

modes correctly, except for specimens 042-S-12-2d, 120-S-12-3d and 120-S-12-5d. For 

Specimen 042-S-12-2d, the bearing failure was predicted but the test specimen failed in 

tearout. This is because the value of C = 1.8 (see Eq. (2)) for d/tm = 25.53 (see Table 6) was 

used in the calculation of Pb; while for Specimen 120-S-12-2d with d/tm = 8.06 (see Table 6) 

that having the same e1 = 2d but different thickness, the value of C = 3.0 (see Eq. (2)) was 

used, hence, the calculated result of Pb became larger; it was also larger than the value of Ptear. 

Therefore, the predicted failure mode of Specimen 120-S-12-2d was tearout instead of 

bearing, as shown in Table 9. The smaller values of bearing factor C due to the larger ratios of 

d/tm (see Eqs. (1)-(2)) would yield smaller predictions of Pb. This also explains the fact that, 

for the specimens with the same e1 but different d/tm, the bearing failure mode was predicted 

for specimens 042-S-12-3d and 042-S-12-5d, but the net section tension failure mode for 

specimens 120-S-12-3d and 120-S-12-5d. For specimens 120-S-8-3d, 120-S-10-3d and 

190-S-10-3d, the nominal strengths of Pb and Ptear were the same; hence, the predictions 

included the two failure modes. The NAS [12] shares the same equations for the calculation 

of Pb as those in AS/NZS [11]. However, for the calculation of Ptear, the NAS [12] takes into 

consideration enet with a coefficient of 1.2 (see Eq. (6)) instead of e1 with a coefficient of 1.0 



(see Eq. (5)), which generally yields a lower nominal strength of Ptear. This explains the 

tearout failure prediction by NAS [12] for specimens 120-S-8-3d, 120-S-10-3d and 

190-S-10-3d. Net section tension failure mode was not predicted by EC3-1.3 [13], which was 

consistent with the test results. 

For the TSS double shear, AS/NZS [11] and NAS [12] provided the same failure modes 

for all the specimens. Similar to the effects of factor C associated with d/tm in single shear, 

bearing failure was predicted for specimen Series 042-D-12 compared to the net section 

tension failure prediction for specimen Series 120-D-12, for the same e1 of 3d, 5d and 6d. 

The net section tension failure was predicted for specimen series 120-D-10 and 190-D-10 

with end distances of 5d and 6d, which was different from the predictions in single shear. 

This is because a larger Pb is obtained by the coefficient of mf = 1.33 for double shear 

compared to mf = 1.00 for single shear in the calculation ((see Eq. (1)). Similar to the single 

shear, net section tension failure mode was not predicted by EC3-1.3 [13], which is consistent 

with the test results. 

 

 

7. Conclusions 

 

Totally 43 specimens were designed and tested to investigate the effects of end distance 

(e1) on thin sheet steel (TSS) bolted connections. The connection specimens were fabricated 

by three different grades of TSS, namely, 0.42 mm G550, 1.20 mm G500 and 1.90 mm G450. 

The TSS connection specimens were assembled by one bolt in two types, i.e., single shear 

and double shear. The connection type was designed in 5 series with different ratios of bolt 

diameter (d) to plate thickness (t). In each specimen series, the value of e1 was varied. The 

connection specimens were subjected to tensile loading by the displacement control test 

method. The effects of e1 on the ultimate loads (Pu) and failure modes of the specimens were 

obtained. Findings from the experimental investigations are summarized below: 

 

 It was found that the Pu of bolted connections increased when e1 increased from d 

to 3d for the single shear bolted connections; and from d to 5d for the double shear 

bolted connections. 

 The Pu was generally maintained approximately the same value when the e1 

increased from 3d to 5d for the single shear bolted connections; and from 5d to 6d 

for the double shear bolted connections. 

 It is shown that e1 = 3d could prevent the tearout failure in single shear bolted 

connections, while e1 > 3d is suggested to prevent the tearout failure in double 

shear bolted connections. 

 As the end distance increases, the strength increments for double shear are higher 

those of single shear bolted connections, i.e., from e1/d = 1.0 to e1/d = 5.0. In 

addition, for the lower values of d/t, more increments of connection strengths were 

obtained as the end distance of e1/d increased. 

The test results were compared with the predicted results calculated by the current 

design rules in terms of strengths and failure modes. The reliability of the current design rules 

was evaluated using reliability analysis. The specifications for cold-formed steel structures 



were used for the predictions, i.e., Australian/New Zealand Standard (AS/NZS) [11], North 

American Specification (NAS) [12] and European Code (EC3-1.3) [13]. Findings of the 

comparisons are summarized below: 

 

 Overall, it was found that both the NAS [12] and EC3-1.3 [13] specifications 

generally provide conservative predictions, while the AS/NZS generally provide 

unconservative predictions. 

 However, the design provisions of AS/NZS [11] are reliable and probabilistically 

safe for the TSS bolted connections in both single shear and double shear due to the 

relatively small values of coefficient of variation. 

 Generally, the AS/NZS [11] and NAS [12] provided accurate predictions for the 

failure modes of the specimens. 
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Fig. 1. Coupon test 
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Fig. 2. Stress-strain curves of different grades of thin sheet steel 
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Fig. 3. Definition of symbols 
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Fig. 4. Schematic view of test setup for TSS single shear bolted connection 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Fig. 5. Schematic view of test setup for TSS double shear bolted connection 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 
 

Fig. 6. Test setup of TSS double shear bolted connection 
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Fig. 7. Load-deflection curves of TSS specimen Series 120-S-12 
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Fig. 8. Load-deflection curves of TSS specimen Series 120-D-12 
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Fig. 9. Effects of end distance on ultimate load of TSS single shera bolted connections 
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Fig. 10. Effects of end distance on ultimate load of TSS double shera bolted connections 
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Fig. 11. Failure modes of TSS specimen Series 120-S-10 

 

 



 

 

(a) 190-S-10-d 

 

(b) 190-S-10-2d 

 

(c) 190-S-10-3d 

 

(d) 190-S-10-5d 

Fig. 12. Failure modes of TSS specimen Series 190-S-10 
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Fig. 13. Failure modes of TSS specimen Series 042-D-12 
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Fig. 14. Failure modes of TSS specimen Series 120-D-12 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

(a) 190-D-10-d 
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Fig. 15. Failure modes of TSS specimen Series 190-D-10 
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Fig. 16. Ultimate stregnths of double shear normalized by those of single shear for the same 

bolt hole and end distance 
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Fig. 17. Comparison of test strengths with predictions for single shear bolted connections 
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Fig. 18. Comparison of test results with predictions for double shear bolted connections 

 

 



 

 

 

 

 

 

 

 

Steel grade 
tm wm E f0.2 fu u f 

(mm) (mm) (GPa) (MPa) (MPa) (%) (%) 

G550 0.41 6.04 228 730 743 0.5 2.9 

G500 1.18 5.98 220 622 633 3.8 9.2 

G450 1.83 6.03 213 512 543 7.2 15.9 

 

Table 1 Material properties of TSS 

 

 

 

 

Bolt type Normal diameter (mm) Measured diameter (mm) 

M8 8.0 7.8 

M10 10.0 9.8 

M12 12.0 11.9 

 

Table 2 Details of steel bolts 

 

 

 

 

Washer type Inner diameter (mm) Outside diameter (mm) Thickness (mm) 

M8 8.46 22.00 1.68 

M10 10.48 24.98 1.34 

M12 13.17 23.76 1.18 

 

Table 3 Details of steel washers 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Codes e1 e2 

AS/NZS [11] ≥ 1.5d ≥ 1.5d 

NAS [12] ≥ 1.5d ≥ 1.5d 

EC3-1.3 [13] ≥ 1.0do ≥ 1.5do 

 

Table 4 Spacing requirements for bolt connections in different codes 

 

 

 

 

 

 

 

 

Connection type Steel grade t (mm) d (mm) e1 

Single shear G550 0.42 12 1.0d, 2.0d, 3.0d and 5.0d 

 G500 1.20 8, 10 and 12  

 G450 1.90 10  

Double shear G550 0.42 12 1.0d, 3.0d, 5.0d and 6.0d 

 G500 1.20 8, 10 and 12  

 G450 1.90 10  

 

Table 5 Design of TSS one-bolted connection specimens 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Specimen tm (mm) d/tm Pu (kN) Pu/PAS/NZS Pu/PNAS Pu/PEC 

042-S-12-d 0.47 25.53 3.27 0.78 (1.41)
#
 1.56 (2.72)

#
 1.25 

042-S-12-2d 0.47 25.53 6.82 0.90 (1.64)
#
 0.96 (1.67)

#
 1.30 

042-S-12-3d 0.47 25.53 7.43 0.99 (1.79)
#
 0.99 (1.71)

#
 0.95 

042-S-12-5d 0.47 25.53 7.87 1.04 (1.89)
#
 1.04 (1.82)

#
 1.00 

120-S-8-d 1.25 6.40 5.60 0.88 1.68 (1.87)
#
 1.06 

120-S-8-2d 1.25 6.40 12.30 0.97 1.12 (1.25)
#
 1.16 

120-S-8-3d 1.25 6.40 14.56 0.77 0.79 (0.87)
#
 0.92 

120-S-8-5d 1.25 6.40 15.35 0.81 0.81 (0.90)
#
 0.97 

120-S-10-d 1.25 8.00 6.82 0.86 1.59 (1.77)
#
 1.03 

120-S-10-2d 1.24 8.06 15.26 0.97 1.12 (1.24)
#
 1.17 

120-S-10-3d 1.24 8.06 20.39 0.86 0.88 (0.98)
#
 1.04 

120-S-10-5d 1.25 8.00 20.34 0.86 0.86 (0.95)
#
 1.03 

120-S-12-d 1.25 9.60 7.68 0.81 1.62 (1.79)
#
 0.97 

120-S-12-2d 1.25 9.60 17.62 0.93 1.09 (1.21)
#
 1.11 

120-S-12-3d 1.25 9.60 21.35 0.88 0.81 (0.90)
#
 0.90 

120-S-12-5d 1.27 9.45 22.40 0.91 0.84 (0.93)
#
 0.93 

190-S-10-d 1.92 5.21 9.53 0.91 1.69 1.10 

190-S-10-2d 1.92 5.21 21.20 1.02 1.17 1.22 

190-S-10-3d 1.91 5.24 27.47 0.88 0.90 1.06 

190-S-10-5d 1.92 5.21 28.44 0.91 0.91 1.09 

190-S-10-5d-r 1.92 5.21 27.25 0.87 0.87 1.05 

Steel 0.42 mm G550 Mean 0.93 (1.68)
#
 1.14 (1.98)

#
 1.12 

 COV 0.123 (0.123)
#
 0.251 (0.251)

#
 0.157 

Steel 1.20 mm G500 Mean 0.88 1.10 (1.22)
#
 1.02 

 COV 0.072 0.312 (0.312)
#
 0.089 

Steel 1.90 mm G450 Mean 0.92 1.11 1.10 

 COV 0.063 0.314 0.063 

Note: (x)# result by using reduced material properties. 

Table 6 Test strengths and comparisons for TSS single shear bolted connections 

 

 

 

 

 

 



 

 

 

 

 

 

Specimen tm (mm) d/tm Pu (kN) Pu/PAS/NZS Pu/PNAS Pu/PEC 

042-D-12-d 0.47 25.53 3.56 0.85 (1.54)
#
 1.70 (2.96)

#
 1.36 

042-D-12-3d 0.47 25.53 8.52 0.85 (1.54)
#
 0.85 (1.48)

#
 1.08 

042-D-12-5d 0.47 25.53 9.29 0.93 (1.68)
#
 0.93 (1.61)

#
 1.18 

042-D-12-6d 0.48 25.00 7.81 0.76 (1.38)
#
 0.76 (1.33)

#
 0.97 

042-D-12-6d-r 0.47 25.53 8.74 0.87 (1.58)
#
 0.87 (1.52)

#
 1.11 

120-D-8-d 1.24 6.45 5.55 0.88 1.68 (1.87)
#
 1.06 

120-D-8-3d 1.24 6.45 18.57 0.98 1.01 (1.12)
#
 1.18 

120-D-8-5d 1.25 6.40 21.95 0.87 0.87 (0.96)
#
 1.38 

120-D-8-6d 1.25 6.40 21.52 0.85 0.85 (0.95)
#
 1.36 

120-D-10-d 1.25 8.00 7.25 0.91 1.68 (1.88)
#
 1.10 

120-D-10-3d 1.23 8.13 23.16 0.99 1.01 (1.12)
#
 1.20 

120-D-10-3d-r 1.24 8.06 22.69 0.96 0.98 (1.09)
#
 1.16 

120-D-10-5d 1.25 8.00 23.07 0.88 0.81 (0.90)
#
 1.16 

120-D-10-6d 1.26 7.94 24.16 0.91 0.84 (0.94)
#
 1.21 

120-D-12-d 1.25 9.60 7.65 0.80 1.61 (1.79)
#
 0.97 

120-D-12-3d 1.23 9.76 23.30 0.98 0.90 (1.00)
#
 1.00 

120-D-12-5d 1.24 9.68 24.77 1.03 0.95 (1.05)
#
 1.05 

120-D-12-6d 1.25 9.60 25.91 1.07 0.98 (1.09)
#
 1.09 

190-D-10-d 1.92 5.21 9.72 0.93 1.73 1.12 

190-D-10-3d 1.93 5.18 29.68 0.94 0.96 1.13 

190-D-10-5d 1.92 5.21 37.45 1.08 1.00 1.44 

190-D-10-6d 1.91 5.24 36.29 1.06 0.98 1.40 

Steel 0.42 mm G550 Mean 0.85 (1.54)
#
 1.02 (1.78)

#
 1.14 

 COV 0.069 (0.069)
#
 0.375 (0.375)

#
 0.126 

Steel 1.20 mm G500 Mean 0.93 1.09 (1.21)
#
 1.15 

 COV 0.082 0.304 (0.304)
#
 0.108 

Steel 1.90 mm G450 Mean 1.00 1.17 1.27 

 COV 0.077 0.320 0.133 

Note: (x)# result by using reduced material properties. 

Table 7 Test strengths and comparisons for TSS double shear bolted connections 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Connection type No. of tests  Pu/PAS/NZS Pu/PNAS Pu/PEC 

Single shear 21 Mean, Pm 0.90 1.11 1.06 

  COV, Vp 0.082 0.287 0.105 

  Resistance factor,  0.60 (0.60)
*
 0.60 0.80 (0.60)

*
 

  Reliability index, β 3.49 (3.71)
*
 2.92 2.96 (4.23)

*
 

Double shear 22 Mean, Pm 0.93 1.09 1.17 

  COV, Vp 0.092 0.309 0.119 

  Resistance factor,  0.60 (0.60)
*
 0.60 0.80 (0.60)

*
 

  Reliability index, β 3.57 (3.78)
*
 2.75 3.24 (4.48)

*
 

Note: (x)* result by using load combination of 1.2DL + 1.6LL. 

 

Table 8 Summary of test strengths compared with predictions from design specifications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Specimens Test AS/NZS [11] NAS [12] EC3-1.3 [13] 

042-S-12-d T T T B 

042-S-12-2d T B T B 

042-S-12-3d B B B B 

042-S-12-5d B B B B 

120-S-8-d T T T B 

120-S-8-2d T T T B 

120-S-8-3d B T + B T B 

120-S-8-5d B B B B 

120-S-10-d T T T B 

120-S-10-2d T T T B 

120-S-10-3d B T + B T B 

120-S-10-5d B B B B 

120-S-12-d T T T B 

120-S-12-2d T T T B 

120-S-12-3d B NS NS B 

120-S-12-5d B NS NS B 

190-S-10-d T T T B 

190-S-10-2d T T T B 

190-S-10-3d B T + B T B 

190-S-10-5d B B B B 

190-S-10-5d-r B B B B 

T = Tearout (shear fracture), B = Bearing failure; NS = Net section tension (shear fracture). 

 

Table 9 Failure modes of TSS single shear bolted connections 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Specimens Test AS/NZS [11] NAS [12] EC3-1.3 [13] 

042-D-12-d T T T B 

042-D-12-3d T B B B 

042-D-12-5d B B B B 

042-D-12-6d B B B B 

042-D-12-6d-r B B B B 

120-D-8-d T T T B 

120-D-8-3d T T T B 

120-D-8-5d B B B B 

120-D-8-6d B B B B 

120-D-10-d T T T B 

120-D-10-3d T T T B 

120-D-10-3d-r T T T B 

120-D-10-5d B NS NS B 

120-D-10-6d B NS NS B 

120-D-12-d T T T B 

120-D-12-3d T NS NS B 

120-D-12-5d B NS NS B 

120-D-12-6d B NS NS B 

190-D-10-d T T T B 

190-D-10-3d T T T B 

190-D-10-5d B NS NS B 

190-D-10-6d B NS NS B 

 

Table 10 Failure modes of TSS double shear bolted connections 




