








  

bolts is 19 mm and that of the bolt holes is 20.6 mm. More details of the tests can be 
found in Huns et al. (2002).  
 

Because of the symmetry of the gusset plate, only a part of the test gusset 
plate was modelled, as illustrated in Fig. 4. The finite element models of the modelled 
zones are shown in Fig. 5. Comparisons between the analysis results and test results 
are presented in Fig. 6. The displacement shown in Fig. 6 represents the elongation of 
the tested connection, as illustrated in Fig. 4. As can been seen in Fig. 6, the force-
displacement curves obtained from the current analysis match well with test results. 
The difference of the ultimate strength between the analysis and the test results is 
around 1% and 2% for connections T1 and T2, respectively. Since static analysis 
method was adopted, the behaviour of the connection after the ultimate load was not 
traced.  
 

  
(a) Connection T1                     (b) Connection T2 

Fig. 6 Comparison of analysis results and test results 
 

5. RESULTS 
 
The proposed test specimens presented in Section 2 above were simulated using the 
validated FE models. Same modelling technique was used for the analysis of the 
proposed test specimens and that in the validation section. The FE analysis results of 
the test specimens are presented in the following sections. 
 
5.1 Failure mechanism 

The analysis results show that all the 6 proposed angle specimens were failed 
in block shear with a combination of rupture of the tension plane and yielding of the 
shear plane. Specimen B-Bt2 is used to illustrate the failure mechanism of block shear. 
As shown in Fig. 7, element removal occurred near the bolt hole edge at the tension 
plane, indicating tensile rupture was initiated. It can also be seen that the maximum 
shear stress in the shear plane is 487.7 MPa, which is 61.6% of the nominal tensile 
strength of steel Q690. Since the nominal shear stresses of yield and ultimate strength 
of a metal material are 57.7% of the tensile yield strength and ultimate strength of it 
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respectively, the shear plane was not only yielded but also reached the nominal 
ultimate shear strength. 
 
5.2 Effects of material grade 

Fig. 8 compares the force-displacement curves of angles with the same 
geometrical dimensions but different steel grades, in which the displacement is the 
relative displacement between the left end of gusset plate and the symmetry plane as 
illustrated in Fig. 2. The figure shows that the angle specimens of steel S275 failed at a 
larger displacement than those of angles of steel Q690 and Q960, while the difference 
between the latter two is small. This means that the angles of S275 steel failed with 

much higher ductility. The shear stress (
12

) in the shear plane of the above angles at 

the time of reaching the ultimate loads are summarized in Table 2. It can be seen from 
the table that for the angle specimens of steel grade S275, the shear stress at the 
ultimate load level is larger than the yield strength fy. However, the Q690 and Q960 
angles could only reach 65% and 63% of the yield strength of the corresponding 
materials, respectively. The ratios of shear stress and tensile strength of the three steel 
grades as shown in the table are around 0.70, 0.62 and 0.61 for steel S275, Q690 and 
Q960, respectively. Although the ductility of steel Q690 and Q960 is lower than that of 
steel S275, the maximum shear stress in the shear plane of angle can still reach 
around 0.6 of the tensile strength of the material.    
 

  
Fig. 7 Failure of specimen B-Bt2-e2-p2      Fig. 8 Response curves of specimens 
 
Table 2 Shear stress of specimens at the time of maximum load 

Specimen fy (MPa) fu (MPa) fu/fy 𝜎12 (MPa) 𝜎12/fy 𝜎12/fu 

A-Bt2 338.5 530.6 1.57  371.8 1.10 0.70 
A-Bt3 338.5 530.6 1.57  360.9 1.07 0.68 
B-Bt2 750.4 792.0  1.06  491.1 0.65 0.62 
B-Bt3 750.4 792.0  1.06  486.6 0.65 0.61 
C-Bt2 997.9 1038.2 1.04  628.9 0.63 0.61 
C-Bt3 997.9 1038.2 1.04  625.2 0.63 0.60 

 
5.3 Comparisons with design code equations 

This section compares the analysis results with the predictions according to 
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the design equations stipulated in AISC-2010 (2010), Eurocode 3 (2005) and the 
Canadian standard CSA S16-09 (2009). Safety factors are not considered in the design 
equations for comparison purpose. According to AISC-2010, the block shear strength 
can be calculated according to the following equation: 

 
𝑅𝑛 = 𝑈𝑏𝑠𝑓𝑢𝐴𝑛𝑡 + 0.60𝑓𝑢𝐴𝑛𝑣 ≤ 𝑈𝑏𝑠𝑓𝑢𝐴𝑛𝑡 + 0.60𝑓𝑦𝐴𝑔𝑣                    (1) 

 
where Rn is block shear strength; Ubs=1.0; Anv, Ant and Agv are illustrated in Fig. 9.  
 
The block shear strength according to Eurocode 3 is as follows: 
 

𝑅𝑛 = 𝑓𝑢𝐴𝑛𝑡 + (
1

√3
) 𝑓𝑦𝐴𝑛𝑣                                    (2) 

 
The equation of block shear strength in CSA S16-09 is: 
 

𝑅𝑛 = 𝑈𝑡𝑓𝑢𝐴𝑛𝑡 + 0.6𝐴𝑔𝑣(𝑓𝑦 + 𝑓𝑢)/2                                   (3) 

 

where 𝑈𝑡 = 0.6 for angle. 
 
Comparison of the analysis results and standard predictions about block shear 

strength are summarized in Table 3. It can be seen from this table that AISC-2010 and 
Eurocode 3 give conservative predictions of the block shear strength of angles 
irrespective of the steel grades examined, and Eurocode 3 gives more conservative 
results than AISC-2010. On the other hand, CSA S16-09 overestimates the strength of 
all the angles of Q690 steel and Q960 steel. It is worth noting that CSA S16-09 
overestimates the block shear strength of specimen A-Bt2 but underestimates that of 
specimen A-Bt3, although both specimens have the same steel grade of S275. 
 

 
Fig. 9 Illustration of calculating planes 

 
Table 3 Analysis results and standard predictions of block shear capacity  

Specimen Pu (kN) Pcode/Pu 

  AISC-2010 Eurocode 3 CSA S16-09 

A-Bt2 171.560  0.79  0.60 0.91  
A-Bt3 222.740  0.83  0.60 1.05  
B-Bt2 250.293  0.80  0.76 1.05  
B-Bt3 344.454 0.80  0.75 1.15  
C-Bt2 320.070  0.83  0.79 1.08  
C-Bt3 436.257 0.83  0.78 1.21  

 



  

6. CONCLUSIONS 
 

This paper presents a numerical study of the block shear strength of bolted 
angles of steel grade S275, Q690 and Q960. The comparisons between the analysis 
results and the predictions by current design standards are also conducted to evaluate 
their applicability to predict the block shear strength of HSS angles, especially those of 
grade Q690 and Q960 steels. The following key conclusions are noted: 

 
(a)  The ductility of bolted angles of steel Q690 and Q960 are lower than that of angles 

of steel S275.  
(b) Bolted angels of steel Q690 and Q960 could fail in block shear, and have sufficient 

ductility to enable the shear stress in the shear plane to reach 60% of the nominal 
tensile strength of the material at the time of failure. 

(c) The design standards AISC-2010 and Eurocode 3 give conservative predictions of 
the block shear strength of bolted angles for both normal and HSS steel of Q690 
and Q960. The Canadian standard CSA S16-09 overestimates the strength of 
angles of Q690 steel and Q960 steel, while its predictions of block shear strength of 
angles of S275 steel could be either conservative or unsafe.    
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