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A B S T R A C T   

This article investigates analytically the seismic performance of a new RBS beam-column connection system with 
Double Nut Bolts (RBS-DNB) and double shear tabs. The bolts in the proposed RBS-DNB connection are used to: i) 
increase the strength of the beam’s reduced section, ii) increase the energy dissipating capacity of the connection, 
and iii) delay damage of the beam in the plastic hinge zone. A reference RBS connection from the literature is first 
modeled and calibrated in Abaqus® software. A set of RBS-DNB connections are then designed (according to a 
new proposed method) and subsequently modeled in Abaqus®. The analytical results from the reference RBS 
connection and RBS-DNB connections are then compared in terms of cyclic response, beam strength, dissipated 
energy, beam hinge deformation and damage. The results show that, compared to the reference RBS connection, 
the proposed RBS-DNB connection system can increase the strength of the beam’s reduced section and dissipate 
more energy by up to 16 % and 12 %, respectively. Moreover, a damage assessment shows that RBS-DNB 
connections can efficiently delay the initiation of beam hinging, and reduce buckling deformation and dam-
age to the beam hinge compared to the reference RBS connection. The new proposed design method ensured the 
safe load-carrying mechanism of RBS-DNB connections, and it also predicted well the potential damage at the 
components of the RBS-DNB connections. Finally, the results of pushover analyses on typical 4-storey buildings 
with RBS-DNB connections demonstrated their higher lateral load bearing capacity compared to those with 
conventional RBS connections. This study contributes towards developing more robust energy-dissipating con-
nections for steel buildings located in seismic areas.   

1. Introduction 

The failure of numerous beam-to-column connections of steel 
buildings damaged in past earthquakes (e.g. 1994 Northridge, 1995 
Kobe, 2017 Sarpol-e Zahab Iran) has highlighted the need to reassess the 
design and construction practices of such critical components. In the last 
years, extensive experimental and numerical studies have been con-
ducted aiming to: (1) retrofit inadequate pre-Northridge connections e. 
g. [1–3], (2) improve the design of steel structures [4,5], (3) introduce 
new improved bolted or welded connections [6–8], and (4) ensure a safe 
load-carrying capacity of connections [9–11]. The above advancements 
led to the prequalified beam-to-column connections included in current 
design guidelines [12]. Among the different prequalified connections, 
Reduced Beam Section (RBS) connections (see Fig. 1) are widely used in 

the construction of Special Moment Frames (SMFs) in seismic regions 
[13]. In RBS connections, part of the beam flanges (or beam web) is 
removed to concentrate the yielding demand at that location, which in 
turn keeps the plastic hinge away from the welded joint. The yielding 
and plastic deformation at the reduced beam section (which effectively 
acts as a “fuse”) leads to a ductile failure of the connection due to beam 
hinging. 

Past studies [14,15,16] examined numerically and experimentally 
the effect of the radius cut (Fig. 1(a)) on the behaviour of RBS connec-
tions. The results showed that the cuts in the beam flanges could pro-
mote plastic hinge formations and therefore help the RBS connection to 
effectively work as a structural fuse. However, significant plastic 
deformation and damage could occur along the inner edge of the radius 
cut towards the face of the column, leading to premature failure modes. 
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In a study by Horton et al. [17], deep learning neural networks were 
developed to simulate the complex cyclic hysteresis behaviour of RBS 
connections and to predict their dominant failure mode. The effects of 
variable cuts [18] and straight cuts [19] in the beam flanges on the 
structural performance of RBS connections were also investigated (see 
Fig. 1(b) and (c), respectively). The results of these studies indicated that 
whilst RBS connections with tapered and straight cut beams met the 
limit states of connection strength, high stress concentrations occurred 
at the edges of the cuts. 

As another alternative solution, Tsavdaridis et al. [20] performed 
finite element (FE) analyses on Reduced Web Section (RWS) connections 
(Fig. 1(d)) to show that a web opening could also led to a suitable per-
formance and lower stress concentrations at the reduced section. 
Atashzaban et al. [21] also investigated analytically the performance of 
drilled flange (DF) RBS connections (Fig. 1(e)). The results showed that, 
as intended, the plastic strains and brittle fracture shifted from the 
Complete Joint Penetration (CJP) weld to the drilled flange holes. In 
order to minimize local buckling at the reduced section of the beam and 
improve its stability, Wu et al. [22] proposed fitting a restraining device 
around the RBS zone (Fig. 1(f)). However, severe buckling at the beam 
flange end still occurred, and the CJP welds failed in a brittle way. 

Previous studies [18,23] have shown that tensile rupture of the 
reduced beam flange was the most common failure observed in RBS 
connections. Whilst adding restraining devices to the (weak) reduced 
beam section is a logical choice to delay failures in RBS connections, this 
option has not been thoroughly explored in the existing literature. 
Moreover, such restraining devices could also be used to increase the 
beam’s strength at the reduced beam section, and to increase the sta-
bility after beam hinging occurs. The increment of the beam’s strength 
would be particularly appealing to retrofit Pre-Northridge steel struc-
tures [1]. Indeed, when RBS connections are used to retrofit existing Pre- 
Northridge connections, the beam’s strength is reduced due to the 
removal (cutting) of the flanges. Therefore, the reduced section of the 
beam could be strengthened with restraining devices to recover the 
original beam’s strength. In summary, restraining devices in RBS 

connections can be used to: 1) enhance the beam’s strength, 2) stabilize 
the reduced area of the beam, 3) delay damage and rupture at the beam 
cut, and 4) retrofit pre-Northridge connections using RBS. However, 
more studies are required to investigate to what extent the addition of 
restraining devices can improve the behavior of RBS connections. 

To address some of the above-mentioned shortcomings of typical 
RBS connections, this article investigates analytically the behavior of a 
new type of RBS connection with Double-Nut-Bolts (RBS-DNB) and 
double shear tabs. After showing the details of the proposed RBS-DNB 
connection, a practical design methodology is presented for the new 
connection system. Next, a reference RBS connection is modeled and 
calibrated in Abaqus® software. A series of RBS-DNB connections are 
subsequently designed (following the proposed methodology) and 
modeled in Abaqus®. The numerical results from the reference RBS 
connection and RBS-DNB connections are then compared in terms of 
cyclic response, beam strength, energy dissipation and beam hinge 
deformation. A detailed damage assessment of critical components 
(beam hinge, beam flange, double nut bolts, CJP welds and shear tabs) is 
also performed. Finally, the structural response of SMFs with the new 
type of RBS-DNB connections is investigated using a pushover analysis. 
The results from this study contribute towards developing more robust 
energy-dissipating connections for steel buildings located in seismic 
areas. 

2. Characteristics of the proposed RBS-DNB connection 

Fig. 2(a) shows schematically the new proposed RBS-DNB connec-
tion. The four horizontal bolts placed at the sides of the RBS help to i) 
dissipate energy, ii) increase the beam strength at the reduced beam 
section, and iii) reduce lateral movements of the beam flange at large 
plastic deformations. Double nuts are also used to ensure the bolts can 
work both in tension and compression. The bolts are connected to in-
ternal stiffeners, which in turn are welded to the beam’s flange and web. 
The stiffeners stabilize the section and minimize buckling around the 
RBS. In addition, double shear tabs are used to enhance the connection 

Fig. 1. Typical configurations of RBS connections: (a) radius cut [14–16], (b) tapered cut [18], (c) straight cut [19], (d) web circular cut [20], (e) drilled flange [21], 
and (f) buckling restrained devices [22]. 
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strength along the inner edge of the radius cut near the column face. 
Fig. 2(a) also illustrates the fabrication details of the proposed RBS- 

DNB connection, including the internal stiffeners and double nut bolts. 
CJP welds are used to connect the beam flanges to the beam web (built- 
up beam), and to connect the column flanges to the column webs (built- 
up box column). Also, back welds are used at the beam-flange and the 
beam-web connection. Double shear tabs are connected to the beam web 
with fillet welds, and to the column using CJP welds. CJP welds are used 
to ensure a safe load-carrying mechanism from the beam flange to the 
column [9], and the corresponding root is back-welded. Double-sided 
fillet welds connect the internal stiffeners to the beam-flanges and to the 
beam-web to prevent stress concentrations and a potential tensile 
rupture of the beam’s flanges and web. 

In actual construction practice, the internal nuts of the new RBS-DNB 
(see Fig. 2(a)) would need to be tightened first. Next, pre-tensioning 
forces would be applied to the bolts to pre-load them internally. The 
external nuts would then be tightened and pre-tensioned to pre-load the 
bolts externally (i.e. the area of the bolts along the double nuts is pre- 
tensioned). In this way, the double nut bolts can transfer both tensile 
and compressive forces along the clear distance Lcb between internal 
nuts. The compressive (or tensile) strength of the bolts can be calculated 
using the bolt diameter dcb, as shown later. 

It should be noted that, in typical RBS connections, the cuts at the 
beam flanges reduce the effective width of the flange. This implies that 
part of the steel material in the flange (near its edges) is not fully uti-
lized. In contrast, the proposed RBS-DNB connection uses the double- 
nut-bolts to recover part of the flexural strength lost by the removal of 
the cuts (potentially close to the strength provided by the full width of 

the beam flange), thus increasing the beam’s utilizable cross sectional 
area (see Fig. 2(b)). This is shown in the design example presented in a 
subsequent section. 

3. Proposed design methodology 

Fig. 3 shows the parameters needed to design the RBS-DNB 
connection, including the geometry, load transferring mechanism and 
design forces, as well as details of the reduced beam section (view B-B) 
and internal stiffeners. In Fig. 3, the landing of the internal stiffeners (25 
mm) and the bolt hole diameter (dcb + 2 mm) are determined based on 
the AISC Prequalified Connections [12] and AISC Specifications [24] 
documents, respectively. The dimensions as and bs of the internal stiff-
eners can be determined using the diameter of the nuts, as well as the 
size of the fillet welds of stiffener-to-beam and beam-flange to beam-web 
connections. For practical purposes, the stiffener height is taken as db

3 , 
where db is the beam depth. The stiffener width is also considered as half 
of the beam flange width minus the web thickness (tbw) and minus the 
fillet weld size (along the beam-flange to beam-web connection). 

The flowchart shown in Fig. 4 summarizes the iterative design pro-
cedure of the proposed RBS-DNB connection, according to the following 
steps. 

Step 1. A bolt diameter dcb is initially chosen based on the beam 
depth: (i) for beam depths up to 350 mm, dcb is suggested to be between 
10 and 16 mm; and (ii) for beam depths bigger than 350 mm, choose 
greater than 18dcb mm. 

Step 2. Previous studies indicated that the tensile strength of double 
nut bolts is higher than their compressive strength [24,25]. Accordingly, 
the compressive strength of the bolts Fn,b (refer to Fig. 5(b)) can be 
calculated using Eq. (1): 

Fn,b = φcFcrAcb (1) 

where φc is a resistance factor for compression; Fcr is the flexural 
buckling stress of the bolt (considering the cross section and length of 
the bolt); and Acb is the cross-sectional area of the bolt. 

The value Fcr can be obtained from Eq. (2-a) or Eq. (2-b): 

if :
Fy,bolt

Fe
≤ 2.25→Fcr =

(
0.658

Fy,bolt
Fe

)
Fy,bolt (2-a)  

otherwise :
Fy,bolt

Fe
> 2.25→Fcr = 0.877Fe (2-b) 

where Fy,bolt is the minimum yield stress of the material used in the 
bolt; and Fe is the elastic buckling stress of the bolt. The value Fe is 
calculated using Eqs. (2-c)–(2-e). 

Fe =
π2E
( Lc

r

)2 (2-c)  

Lc = 0.65Lcb (2-d)  

r =
dcb

4
(2-e) 

where E is the Young’s modulus of steel; Lc is the effective length of 
the bolts [12]; Lcb is the distance of the internal edges of the internal nuts 
(Fig. 5(b)); and r is the radius of gyration of the bolt. 

Step 3. The plastic moment of the beam (Mpr,b) and corresponding 
shear force (Vpr,b) at the center of the bolts and reduced beam section are 
calculated using Eq. (3) and Eq. (4), respectively. Likewise, and by 
considering the strength of the bolts, the design moment (Mud,a) of the 
connection at the column face (see Fig. 3) is calculated using Eq. (5): 

Mpr,b = CprRyFyZRBS + 4Fn,bhb (3)  

Vpr,b =
2Mpr,b

L0 − (2a + b)
(4) 

Fig. 2. Proposed RBS-DNB moment connection system: (a) fabrication details 
and connection components, and (b) top view of the RBS-DNB connection. 
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Mud,a = Mpr,b +Vpr,b

(

a+
b
2

)

(5) 

where the coefficient Cpr accounts for the peak connection strength 
(including connection conditions);Ry is the ratio of expected yield stress 
to the specified yield stress of the beam; Fy is the minimum yield stress of 
the beam’s material; ZRBS is the plastic section modulus of the reduced 
beam section;Fn,b is the minimum value of the tensile or compressive 
strength of the bolts; hb is the distance of the bolt’s central axis to the 
(elastic) neutral axis of the beam; L0 is the connected beam length;a is 
the horizontal distance of inner radius cut to the column face; and b is 
the radius cut length. 

Step 4. Fig. 6 shows the moment demand diagram of the beam, 
assuming that the RBS-DNB connection can reach its ultimate design 
moment Mud,a. Based on the design assumptions outlined above, the 
critical zones of the connection are: i) section A–A due to the large 

ultimate design moment at the column face and to the potential of a 
tensile rupture of the beams’s flanges, shear tabs, and CJP welds, and ii) 
section C–C due to the beam’s buckling deformation. The moment de-
mand at section C–C corresponding to the moment demand diagram 
(Fig. 6) is obtained according to Eq. (6). 

Mud,c = Mud,a •
2Llb

L0
(6) 

where Llb is the distance of the beam end to section C–C, while the 
other variables are as defined before. 

Step 5. The calculated moment demand of the beam (Eqs. (5) and 
(6)) at the critical sections (Fig. 6) must be lower than the corresponding 
beam moment capacities. The beam moment capacities (Fig. 5(a)) at 
sections A–A (MA) and C–C (MC) are obtained using Eq. (7) and Eq. (8), 
respectively. 

Fig. 3. Parameters needed to design RBS-DNB connection, including transferring mechanism of load demand and details of the reduced beam section (view B-B) and 
internal stiffeners. 

Fig. 4. Design flowchart of the proposed RBS-DNB connection system.  
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MA = φdZARyFy (7)  

MC = φnZCRyFy (8) 

where φd and φn are the resistance factors for ductile and non-ductile 
limit states, respectively. ZA and ZC are the plastic section moduli of the 
beam at sections A–A and C–C, respectively (see Fig. 5(c)). 

The moduli ZA and ZC can be calculated based on Eq. (9) and Eq. 
(10), respectively: 

ZA = 2bbf tbf

(
db − tbf

2

)

+
tst

2
(db − 2tbf − 2ha,c)

2
+

tbw

4
(
db − 2tbf − 2ha,c

)2 (9)  

ZC = 2bbf tbf

(
db − tbf

2

)

+ tbw

(
db − 2tbf

4

)2

(10) 

where bbf is the width of the beam flange and ha,c is the height of the 
access holes of the beam web. 

Step 6. Eq. (11) and Eq. (12) should be satisfied to ensure the utilized 

bolt’s diameter leads to the moment demands that are slightly lower 
than the moment capacities. Otherwise, the whole design process should 
be repeated by using a smaller diameter dcb (see flowchart in Fig. 4). 

Mud,a ≤ MA (11)  

Mud,c ≤ MC (12) 

Step 7. To obtain the final design solution, other prevalent limit 
states applicable to RBS-DNB should also be checked in accordance with 
AISC Prequalified Connections [12], AISC Seismic Provisions [25] and AISC 
Specifications [24]. 

4. Numerical investigation 

The numerical investigation is divided into two parts:  

• A reference full-scale RBS connection tested by [26] was modeled 
and calibrated in Abaqus® software [27].  

• A series of RBS-DNB connections were designed following the design 
procedure in Section 3. The connections were subsequently modeled 
in Abaqus® to assess the effect of key design parameters on the 
structural behavior of the proposed systems. 

4.1. FE modeling and calibration of RBS connection 

FE modeling. The reference RBS connection in [26] was designed 
according to the AISC Prequalified Connections [12]. The beam had a 
radius cut with the dimensions shown in Fig. 7(a). The Abaqus® model 
included the beam and box-column elements, as well as the lateral 
support conditions shown in Fig. 7(a). Table 1 summarizes the material 
properties of the beam and column sections of the reference RBS 
connection. The double nut bolts were assumed to be of A490 steel. The 
bolts were preloaded according to AISC 360 [24] with loads of 45 kN for 
the M10 bolts, 64 kN for the M12 bolts, 87 kN for the M14 bolts, 114 kN 
for the M16 bolts, 144 kN for the M18 bolts, and 179 kN for the M20 
bolts. A slip coefficient of 0.3 between the steel plates and bolts was 
assumed, according to the recommendations in AISC 360 [24] and AISC 
358 [12]. The steel material was modeled using a von-Mises yield cri-
terion and an isotropic-hardening plastic behavior, with a Young’s 
modulus of 210 GPa, a Poisson’s ratio of 0.3, and true stress–strain re-
lations [27]. It should be noted that true stress–strain relations were 
used instead of the engineering stress–strain from coupon tests, ac-
cording to recommendations from previous research [9] Fig. 8(a)–(c) 
show, respectively, the stress–strain relationships adopted in the 
modeling of beam, column and bolts. To consider the buckling defor-
mation of the beam section (including the radius cut and double nut 
bolts), large strains and deformations were defined as geometry non-
linearities. Tie contact was used to connect the connection components 
as recommended in [9,11,28,30]. The boundary conditions were defined 
based on the support conditions shown in Fig. 7(a). Fig. 7(b) shows the 
adopted loading protocol (as story drift angle) applied to the beam tip 
[25,26,29]. Likewise, Fig. 7(c) shows the constraint conditions adopted 
in the FE modeling. Pinned boundary conditions (i.e. X = Y = Z = 0 
based on general coordinates) were considered at the top and bottom of 
the column. The displacement-controlled loading protocol was applied 
at the tip of the beam in the Y-direction (i.e. Y = − 1). The beam was 
laterally supported (i.e. Z = 0) to prevent out-of-plane movement, but 
the beam was free to move in the X-direction [9]. A general static step 
was considered in the analysis as a direct equation solver based on the 
solution technique of the full Newton-Raphson method [27]. 

The meshed model of the reference RBS connection and its key 
components are shown in Fig. 9. Sweep elements were used to mesh the 
CJP and fillet welds, whereas structured elements were used to mesh the 
column, beam, and continuity plates to have a regular mesh. 8-node 
linear brick elements (Solid 3D C3D8R) with reduced integration were 

Fig. 5. RBS-DNB moment connection: (a) moment capacities of beam, (b) ca-
pacity of double nut bolts, and (c) dimensions of the beam section. 

Fig. 6. Moment demand diagram of the connected beam based on the plastic 
moment of the beam hinge. 
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Fig. 7. Reference RBS connection modeled in Abaqus®: (a) geometry and test setup [26], (b) loading protocol [25,26], and (c) constraint conditions of FE models 
(units: mm). 
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used to model the deformable components to capture accurately their 
stress conditions. An hourglass control [27] was used to prevent analysis 
terminations due to element distortion, element separation and/or 
element penetration. A mesh sensitivity analysis was performed to 
determine the required mesh size. It was found that values of ~83000 
elements and ~111000 nodes resulted in the best agreement between 
the numerical and experimental results with reasonable computational 
costs. As the number of elements and nodes increased beyond such 
values, the numerical results remained practically unchanged. An elastic 

buckling analysis was also performed to capture the value of the first 
eigenmode, which was imposed to the developed FE model to simulate 
the initial imperfections of the reference RBS connection tested in [26]. 

Calibration of model results. Fig. 10(a) and (b) compare the beam 
hinge deformation and equivalent plastic strain (PEEQ) distribution 
obtained from Abaqus® with the corresponding results from the ex-
periments at drift ratios of 4.0 % and 7.0 %, respectively. The results 
show that the experimental beam buckling deformation and PEEQ were 
well predicted by the developed numerical model. Fig. 10(c) also shows 

Table 1 
Material properties of components of RBS and RBS-DNB connections (units: MPa).  

ID Beam Column A490 double nut bolts 

Fy,b Fu,b εu.b(%) Fy,c Fu,c εu,c(%) Fy,bolt Fu,bolt εu,bolt(%)

RBS [26] 261 397 35 273 431 20 – – – 
RBS-DNB 261 397 35 273 431 20 900 1000 14  

Fig. 8. Schematic stress–strain relationships of steel materials used in (a) beam, (b) column, and (c) bolts (not to scale).  

Fig. 9. Meshed model and welding details of the RBS connection.  
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that the model captured well the damage in the beam at failure, which 
was dominated by weld rupture. The benchmark value of crack propa-
gation and weld rupture based on the PEEQ counter was 4.43, as high-
lighted in green in Fig. 10(c). 

Fig. 11(a) compares the experimental and numerical cyclic moment- 
drift responses of the reference RBS connection. It is shown that the 
Abaqus® model predictions agree very well with the measured experi-
mental responses. This observation is confirmed by the skeleton curve 
shown in Fig. 11(b), where the calculated errors in each cycle are also 
included. Overall, the small errors (around 1.5 % average error in the 
positive and negative directions) confirm that the calibrated model 
captures accurately the behavior of the reference RBS connection. 

4.2. Design and specifications of RBS-DNB connections 

A series of nine RBS-DNB connections were designed in accordance 
with the design procedure presented in Section 3. The nine RBS-DNB 
connections had the same geometry and loading protocol (Fig. 7(b)) 

as the reference RBS connection. However, the stiffener and bolts of the 
RBS-DNB connections (Fig. 7(a)) were incorporated in the modeling. 
The material properties of the beam and box-column sections were also 
the same, as summarized in Table 1. Table 1 also shows the material 
properties of the high-strength A490 bolts that were assumed as Double 
Nut Bolts. 

Table 2 lists the specifications of the RBS-DNB connections analyzed 
in this study. The ID of the connections include the bolt diameter in mm 
(e.g. M10 = 10 mm). Note that some of the RBS-DNB connections in 
Table 2 had different bolt sizes at the top and bottom of the reduced 
beam section in order to assess their effect on improvements in the 
response. For instance, RBS-M16-M14 had bolts of 16 mm at the top and 
14 mm at the bottom. Table 2 also summarizes the calculated moment 
demands (Mud,a and Mud,c), moment capacities (MA and MC), and cor-
responding demand to capacity ratios at the critical A-A and C–C sec-
tions of the connections. Table 2 also provides the predicted failure 
mode of each connection based on the calculated demand to capacity 
ratios. In this study, connection RBS-M16 was deemed as the ‘main’ RBS- 
DNB connection (due to its demand to capacity ratios being just below or 
equal to 1.0), whereas other RBS-DNB connections with different bolt 
diameters (M10, M12, M14, M18 and M20) were considered as ‘para-
metric’ connections. Appendix A presents the full design of connection 
RBS-M16 according to the new method proposed in Section 3. It is worth 
noting that the use of different bolt sizes at the top and bottom of the 
beam shifted its neutral axis towards the larger bolts. This leads to larger 
design forces at a beam flange near the larger bolts, which in turn can 
cause damage to the CJP welds, shear tabs, or beam flange adjacent to 
the column face (see Table 2). The potential damage of these compo-
nents will be evaluated in Section 5 of this article. 

Fig. 12 compares the demand to capacity ratios at critical sections of 
the reference RBS and RBS-DNB connections. The parametric connec-
tions were divided into “lower bound” (with under strength bolts) and 
“upper bound” (with over strength bolts) to assess the efficiency and 
safety of the proposed design method in the following sections. 

5. Comparison of results: RBS vs RBS-DNB connections 

Beam strength. Fig. 13(a) to (i) compare the cyclic (numerical) 
responses of the reference RBS connection and RBS-DNB connections. 
These figures also show the strength enhancement in percentage, as well 
as the beam plastic moment (Mp = 343 × 106 N⋅mm) calculated as 
shown in Appendix A. The results indicate that all the studied RBS and 
RBS-DNB connections reached more than 80 % of their beam strength at 
4.0 % drift ratio. Accordingly, all connections satisfied the AISC Seismic 
Provisions [25] and could be used in construction of Special Moment 
Frames (SMFs). In general, RBS-DNB connections had larger hysteresis 
loops and higher strengths than the reference RBS connection. For 
instance, connection RBS-M16 had around 16 % higher strength than 
the RBS connection. Likewise, the corresponding strengths of RBS-M18 
(Fig. 13(e)) and RBS-M20 (Fig. 13(f)) increased by around 20 % 

Fig. 10. Comparison of beam hinge deformation and PEEQ distribution from 
Abaqus® and from experiment on RBS connection at (a) 4.0 % drift ratio, (b) 
7.0 % drift ratio, and (c) weld rupture. 

Fig. 11. Experimental and numerical moment-drift responses of RBS connection: (a) cyclic, and (b) skeleton curve.  
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compared to the reference RBS connection, although both RBS-M18 and 
RBS-M20 exhibited unacceptable demand to capacity ratios (see 
Table 2). The use of different bolt sizes at top and bottom of the beam 
(Fig. 13(g)–(i)) resulted in 13.5 %, 19.5 %, and 21.0 % higher beam 
strength in RBS-M16-M14, RBS-M18-M16, and RBS-M20-M18 connec-
tions compared to the RBS connection, respectively (see also M/Mp in 
Table 3). The effect of using different bolt sizes on the extent of damage 
to the beam flange, CJP weld, and shear tabs (see the last column of 
Table 2) are discussed in Section 6. Overall, the results confirm that the 
use of double nut bolts were very effective at enhancing the strength of 
the RBS-DNB connections. 

Energy dissipation. Table 3 also lists the energy dissipated by the 
connections, which was calculated as the area inside the hysteresis loops 
up to a story drift of 8.0 % (see Fig. 13(a) to Fig. 13(i)). This parameter is 
especially important to assess the seismic performance of the whole 
structural system, as high energy dissipation in the connection can lead 
to lower damage in other structural elements. It is shown that, compared 
to the reference RBS connection, RBS-M16 had around 12 % higher 
energy dissipation capacity at such ‘collapse’ drift. An increase in the 
bolt diameter also increased the energy dissipation (by up to 19 % for 
RBS-M20-M18). 

Beam hinge buckling deformation and initiation of hinging. The 
buckling deformation of the beam hinge, which acts as fuse element, 
gives an indication of the seismic performance of RBS connections. 
However, excessive buckling deformations can lead to premature beam 
failure at the fuse zone [26], and hence buckling deformations should be 
controlled to ensure a safe load-carrying mechanism in the connection. 
Table 3 compares the maximum buckling deformation of the connec-
tions. The results show that whilst the RBS connection had a buckling 
deformation of 56.3 mm, RBS-M16 had a buckling deformation of 40.5 
mm (i.e. around 28 % lower). In all cases, the use of bolts limited the 
beam hinge deformation and improved the performance of RBS-DNB 
connections. Moreover, an increase in the bolt size reduced further the 

buckling deformation at the beam hinge. The results in Table 3 also 
indicate that, in all RBS-DNB connections, beam hinging initiated later 
than in the RBS connection. Therefore, the bolts could delay the beam 
hinge initiation, thus leading to a better performance of all RBS-DNB 
connections. It is worth noting that the flexural strength recovered by 
the double nut bolts was 18.9 % in connection RBS-M16 (see last sub- 
step in Appendix A), thus showing that the double nut bolts can 
recover some of the flexural strength lost by the removal of the cuts in 
RBS-DNB connections. 

It should be mentioned that even if the cyclic response and buckling 
deformations of RBS-DNB connections are satisfactory, this type of 
connections may still experience excessive damage and premature fail-
ure at different locations. Therefore, the following sections compare the 
performance of RBS and RBS-DNB connections by assessing the failure 
modes of the beam hinge and bolt, as well as the damage of the beam 
flanges, shear tabs, and CJP welds of the connections’ components. This 
assessment is necessary to ensure the safe load-carrying mechanism of 
the connections, and to assess the efficiency of the proposed design 
method to provide RBS-DNB connections with satisfactory performance. 

6. Damage assessment and failure modes 

6.1. PEEQ at beam hinge and plastic strains in bolts 

The results presented in Fig. 10(c) and Table 1 show that beam hinge 
failure of the benchmark RBS connection occurred at a PEEQ value of 
4.4, while the ultimate strain of the double nut bolts was 14 %. Based on 
these observations, PEEQ values above 4.4 at the beam hinge location 
can be used to define the theoretical failure of RBS-DNB connection. The 
results of the validated analytical models also indicate that the potential 
(theoretical) failure of the bolts generally occurs at plastic strains above 
15 % (see Fig. 14). 

Fig. 14(a)–(i) compare the PEEQ distribution of the beam hinge zone 

Table 2 
Design results of reference RBS connection and RBS-DNB connections (units: kN⋅m).  

ID Bolt diameter (dcb) Mud,a Mud,b Mud,c MA MC Mud,a

MA  

Mud,c

MC  

Predicted failure mode 

RBS [26] –  337.11  304.16  286.90  337.73  308.65  0.99  0.93 Beam hinge 
RBS-M10 M10  332.72  306.68  283.16  367.89  308.65  0.90  0.92 Beam hinge Bolts 
RBS-M12 M12  343.02  309.45  291.93  367.89  308.65  0.93  0.94 Beam hinge Bolts 
RBS-M14 M14  348.07  314.01  296.23  367.89  308.65  0.95  0.96 Beam hinge Bolts 
RBS-M16 M16  355.92  321.09  302.91  367.89  308.65  1.00  0.98 Beam hinge Bolts 
RBS-M18 M18  366.24  330.40  311.70  367.89  308.65  1.00  1.01 Beam flange CJP welds 
RBS-M20 M20  373.11  336.61  317.54  367.89  308.65  1.02  1.03 Beam flange CJP welds 

Shear tabs 
RBS-M16-M14 Top-M16 and bottom-M14  352.14  317.69  299.96  367.89  308.65  0.96  0.97 Beam flange Bolts 
RBS-M18-M16 Top-M18 and bottom-M16  360.79  325.98  307.47  367.89  308.65  0.98  1.00 Beam flange 

CJP welds 
Shear tabs 

RBS-M20-M18 Top-M20 and bottom-M18  369.91  333.53  314.83  367.89  308.65  1.01  1.02 Beam flange CJP welds 
Shear tabs  

Fig. 12. Demand to capacity ratios at critical sections A-A and C–C.  
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Fig. 13. Cyclic response of RBS and RBS-DNB connections: (a) RBS-M10, (b) RBS-M12, (c) RBS-M14, (d) RBS-M16, (e) RBS-M18, (f) RBS-M20, (g) RBS-M16-M14, (h) 
RBS-M18-M16, and (i) RBS-M20-M18. 
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and the plastic strain (PE) distribution of the double nut bolts (red 
highlights) of the RBS-DNB connections obtained from the FE models. 
The results in Fig. 14(a)–(c) indicate that although the beam hinge of 
RBS-M10, RBS-M12 and RBS-M14 had PEEQ values are below 4.4, 
failure occurred at the bolts as the PE in the double nut bolts reached 
around 20 %. However, the double nut bolts reduced damage and 
delayed failure of the beam’s plastic hinge in the connections. Fig. 14(d) 
shows that the maximum PEEQ value at the beam hinge of RBS-M16 was 
3.9, i.e. 12 % lower than the corresponding value (4.4) of the reference 
RBS connection. The bolts of RBS-M16 reached a plastic strain of 15 %, 
which suggests that the bolts experienced severe damage (i.e. failure). 
The results in Fig. 14(g) and (h) indicate the use of different bolt sizes in 
connections RBS-M16-M14 and RBS-M18-M16 led to failure at the beam 
hinge, as indicated by PEEQ values of 7.3 and 5.0 respectively. Based on 
these observations, it is recommended to use the same size of bolts in 
RBS-DNB connections. This in turn can simplify the design and con-
struction of RBS-DNB connections in practical applications. 

Fig. 15(a) and (b) summarize the maximum PEEQ values at the beam 
plastic hinge and the maximum PE values of the bolts, respectively. For 
comparison purposes, the figures also show the PEEQ value (4.4) and 
ultimate strain of the bolts (14 %) of the reference RBS connection. The 
results in Fig. 15(a) and (b) confirm that the bolts of RBS-M16 and RBS- 
M18 experienced severe damage, but no beam hinge failure occurred. 
Fig. 15(b) also shows that the dominant failure mechanism in the ‘lower 
bound’ connections (RBS-M10, RBS-M12, RBS-M14) was due to failure 
of the bolts. On the other hand, in the connections with different bolt 
size (RBS-M18-M16 and RBS-M16-M14), both the beam hinge and the 
bolts failed. Whilst Fig. 15(a) and (b) show that connections RBS-M20 
and RBS-M20-M18 did not fail at the beam plastic hinge nor at the 
bolts, they may still exhibit damage and failure at the connection 
components. These potential failures are evaluated in the following 
section. 

6.2. Damage at CJP welds, beam flange, and shear tabs 

According to the AISC Prequalified Connections [12], the beam-to- 
column connection components (beam flanges, CJP welds and shear 
tabs that connect the beam flanges and web to the column) should 
remain within the elastic range to ensure the safe load-carrying mech-
anism of a connection. To assess these aspects in the proposed RBS-DNB 
connections, the maximum PEEQ values at the edges of the CJP weld 
(critical points A and B in Fig. 16(a)), beam flange (critical points C and 
D in Fig. 16(b)), and shear tabs (critical point E in Fig. 16(c)) were ob-
tained from the Abaqus® models of the connections. 

Fig. 17(a)–(e) compare the maximum PEEQ values at the critical 
points A to E, correspondingly. The results indicate that connection RBS- 
M20 had a higher potential of damage at the CJP weld, beam flange, and 
shear tabs (up to 32 % at point A) compared to the reference RBS 
connection. This implies that RBS-M20 did not satisfy the AISC 

Prequalified Connections requirements [12], as predicted by the proposed 
RBS-DNB design method (Section 4.2; Table 2 and Fig. 12). The results 
in Fig. 17(a)–(e) also show that connections RBS-M18, RBS-M20, RBS- 
M20-M18 and RBS-M18-M16 experienced some damage at the CPJ 
weld, shear tabs, or at the beam flange. This confirms that the proposed 
design method for RBS-DNB connection (Section 3) could predict well 
the potential damage at the A-A critical section in all the above- 
mentioned connections. It should be noted that the use of different 
bolt sizes in these connections led to a shift of the beam neutral axis 
towards the larger bolt sizes, which resulted in a damage in the CJP weld 
and shear tabs, as correctly predicted before in Section 4.2 and Table 2. 

Connection RBS-M20-M18 had a demand to capacity ratio of slightly 
above 1.0 (Table 2) in the beam flange zone. Fig. 17(c) shows that this 
connection experienced a 2 % potential of damage at point C, as 
correctly predicted by the proposed design method. Consequently, be-
sides the high potential of damage to the CJP welds in connections RBS- 
M20 and RBS-M20-M18, the beam flanges and shear tabs also experi-
enced some damage, which is considered to be an inadequate structural 
performance. 

Table 4 summarizes the potential damage and/or failure of the RBS- 
DNB connections as predicted by the FE models. It is shown that con-
nections RBS-M10, RBS-M12 and RBS-M14 experienced failure of the 
bolts, as correctly predicted by the proposed design method. Therefore, 
the RBS-DNB design method provided a suitable design in terms of 
preventing failure mechanism at sections A–A and C–C, instead pro-
moting failure of the double nut bolts. Connections RBS-M20 and RBS- 
M20-M18 had a high potential of damage to the beam flanges, shear 
tabs, and CJP welds, whereas the CJP welds and shear tabs were also 
damaged in RBS-M18 and RBS-M18-M16 connections. The results 
indicate that the proposed design method successfully ensured the safe 
load-carrying mechanism of RBS-DNB connections. The use of variable 
bolt sizes in RBS-M18-M16 and RBS-M16-M14 resulted in a faster beam 
hinge failure than the RBS connection, which confirms that the use of 
different bolt sizes is not recommended. The RBS-M16 that was designed 
with the proposed RBS-DNB method had a high potential of damage at 
the bolts, but this was expected as the double nut bolts work as energy- 
dissipating devices leading to better overall structural performance. 

7. Seismic behavior of buildings with RBS or RBS-DNB 
connections 

7.1. Case study SMF building 

To evaluate the effectiveness of RBS-DNB connections at improving 
the seismic performance of steel buildings, a typical 4-story 3-bay Spe-
cial Moment Frame (SMF) (Fig. 18(a) and (b)) was modeled and 
analyzed in SAP2000® [33]. The residential building was assumed to be 
built in a high seismicity region according to the Iranian seismic code 
[31], considering a PGA = 0.35 g. The building was designed in 

Table 3 
Comparison of Abaqus® results of RBS and RBS-DNB connections.  

ID M
Mp  

Change 
(%) 

Dissipated energy at drift ¼ 8.0 
% (kJ) 

Change 
(%) 

Beam hinge deformation 
(mm) 

Change 
(%) 

Beam hinge 
initiation 

Change 
(%) 

RBS [26]  1.28  – 510  –  56.3  –  4.5  %  – 
RBS- M10  1.41  9.22%↑ 550  7.8%↑  53.8  4.44%↓  5.0 %  11.1%↑ 
RBS-M12  1.43  10.49%↑ 558  8.6%↑  40.1  28.77%↓  5.0 %  11.1%↑ 
RBS-M14  1.46  12.33%↑ 572  10.8%↑  36.2  35.70%↓  5.1 %  13.3%↑ 
RBS-M16  1.53  16.34%↑ 579  11.9%↑  40.5  28.06%↓  5.9 %  31.1%↑ 
RBS-M18  1.59  19.50%↑ 584  12.7%↑  42.5  24.51%↓  6.1 %  35.5%↑ 
RBS-M20  1.60  20.00%↑ 590  13.6%↑  45.1  19.89%↓  7.0 %  55.5%↑ 
RBS-M16- 

M14  
1.48  13.51%↑ 612  16.7%↑  27.0  52.04%↓  5.0 %  11.1%↑ 

RBS-M18- 
M16  

1.59  19.50%↑ 620  17.7%↑  25.9  53.99%↓  6.0 %  33.3%↑ 

RBS-M20- 
M18  

1.62  20.98%↑ 631  19.2%↑  23.1  58.97%↓  6.3 %  40.0%↑  
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accordance with the AISC Specifications [24]. The dead and live loads of 
the stories were 5.0 kN/m2 and 2.0 kN/m2, respectively. The column 
height and bay length were 3.0 m and 5.0 m, respectively. The box 
column sections (see Fig. 18(b)) were 240 × 240 × 20 mm for the first 
and second floors, and 240 × 240 × 15 mm for the third and fourth 
floors. A similar I beam section was chosen for all stories, with a web of 
300 × 8 mm and a flange of 240 × 15 mm. Note that the selected beam 
section was the same as the reference RBS connection [26] shown in 
Fig. 7(a). 

7.2. Nonlinear pushover analysis 

An intermediate frame of the building (red highlight in Fig. 18(a)) 

was selected to perform nonlinear pushover analyses. Two pushover 
load patterns (first mode and uniform pattern) were considered, ac-
cording to ASCE41-06 guidelines [32]. Likewise, two gravity load 
combinations were adopted in the analyses: (i) a higher limit gravity 
load combination (GH) with 1.1 dead loads combined with 1.1 live 
loads, and (ii) a lower limit gravity load combination (GL) with a 0.9 
dead load [32]. 

The nonlinear behavior of the members was modeled as concen-
trated plastic hinges at the ends of columns and beams, whereas the 
beam-to-column and column-to-column nodes were modeled as rigid 
nodes. The behavior of the P-M3 plastic hinges of columns was defined 
with the parameters given in ASCE41-06 tables [32]. The plastic hinges 
of beams were defined according to the reference RBS [26] and RBS- 

Fig. 14. PEEQ distribution in connections and PE distribution in bolts of RBS-DNB connections: (a) RBS-M10, (b) RBS-M12, (c) RBS-M14, (d) RBS-M16, (e) RBS-M18, 
(f) RBS-M20, (g) RBS-M16-M14, (h) RBS-M18-M16, and (i) RBS-M20-M18. 
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M16 connections examined in this study. Note that connection RBS-M16 
is deemed as representative of the rest of RBS-DNB connections, and 
therefore the observations presented here can be extended to the other 
RBS-DNB connections in this study. To define the beam ends’ plastic 
hinge behavior, the normalized moment-story drift angle hysteresis 
curves of the RBS and RBS-DNB connections were first extracted from 
the Abaqus® results (Fig. 19(a) and (b), respectively). Based on these 
hysteresis curves, idealized skeleton curves of both connections were 
derived (red lines in Fig. 19(a) and (b)) and subsequently input into 
SAP2000® to define the behavior of the beam ends’ plastic hinges. 

7.3. Pushover results 

Fig. 20(a)–(d) compare the pushover curves of the SMFs with RBS 
and RBS-M16 connections for the two pushover load patterns and two 
gravity load combinations. The results indicate that the RBS and RBS- 
M16 SMFs had the same elastic behavior. However, as expected, the 
SMF with RBS-M16 connections exhibited slightly higher lateral load 
capacity (around 5 % on average) than the one with RBS connections at 
ultimate roof displacement. 

Fig. 21(a) and Fig. 21(b) show the distribution of plastic hinges in the 
SMFs with RBS and RBS-M16 connections at ultimate roof displacement. 
The results in Fig. 21(a) show that plastic hinge rotations of 0.05 to 0.08 
rad developed at the first-floor beams in the SMF with RBS connections. 
The beam plastic hinge rotations of the RBS-M16 connections (Fig. 21 
(b)) were between 0.03 and 0.08 rad. A similar behavior is observed at 
the second floor, where the beam plastic hinges of the RBS-M16 

connections had generally smaller rotations than the reference RBS 
connections. Based on these results, it can be concluded that the SMF 
with RBS-DNB connections experience less overall damage than the SMF 
with RBS connections. It should be noted that whilst the difference be-
tween the lateral capacity of RBS and RBS-DNB systems is negligible, the 
latter is anticipated to exhibit better seismic performance when sub-
jected to earthquake ground motions due to the lower rotation demands 
at the beams’ plastic hinges. 

Based on the results of this study, it can be concluded that RBS-DNB 
connections prove effective at increasing the flexural strength of the 
beam’s reduced section and the energy dissipating capacity of the 
connection, as well as delaying damage to the beam’s hinge. However, 
further research is necessary to examine: (i) different steel and material 
properties and cross sections, (ii) the relationship between the width of 
radii cuts and the bolts’ diameter, and (iii) feasibility of using smaller 
bolt diameters to work as buckling restrained devices. Additional labo-
ratory tests on actual RBS-DNB connections are also needed to fully 
validate the findings presented in this article. 

8. Concluding remarks 

This article investigated analytically the behavior of a new energy- 
dissipating RBS connection with Double Nut Bolts (RBS-DNB) and 
double shear tabs. The article also proposed a novel design method for 
such connections. A reference RBS connection from the literature was 
first modeled and calibrated in Abaqus® software. A set of RBS-DNB 
connections were then designed and modeled in Abaqus® to 

Fig. 15. Damage and failure modes of RBS and RBS-DNB connections: (a) PEEQ values at beam plastic hinge, and (b) plastic strain (PE) of bolts.  

Fig. 16. Critical points of RBS and RBS-DNB connections: (a) CJP weld, (b) beam flange, and (c) shear tab.  
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Fig. 17. Damage in beam flange and CJP weld of RBS and RBS-DNB connections at critical points: (a) CJP weld: point A, (b) CJP weld: point B, (c) beam flange: point 
C, (d) beam flange: point D, and (e) shear tab: point E. 
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investigate their cyclic response, beam strength, energy dissipation ca-
pacity, beam hinge deformation and initiation of hinging, and potential 
damage and failure modes. The numerical results from the RBS-DNB 
connections were then compared to those of the reference RBS 
connection. The seismic behavior of Special Moment Frames (SMFs) 
with either RBS or RBS-DNB connections was also examined using 
pushover analysis. Based on the results presented in this study, the 
following conclusions are drawn:  

1. In all cases, RBS-DNB connections outperformed the reference RBS 
connection. Compared to the reference RBS connection, the main 
connection RBS-M16 had higher beam strength (~16.3 %) and more 
energy dissipation (~12 %), as well as lower beam hinge deforma-
tion (~28 %), and less beam hinge damage (~12 %). Also, the use of 

double nut bolts delayed beam hinge initiation in all RBS-DNB 
connections.  

2. The damage assessment of the main RBS-M16 connection indicated 
that the double shear tabs increased the beam strength at column 
face zone due to the lower potential of damage to the beam flange, 
shear tab, and CJP weld of RBS-DNB connection. Also, the M16 bolts 
were severely damaged, as correctly predicted by the proposed RBS- 
DNB design method.  

3. The results indicate that the use of over strength bolts in RBS-DNB 
connections resulted in potential damage and failure of other 
connection components (CJP welds, shear tabs, and beam flanges). 
Consequently, the new proposed design method successfully ensured 
the safe load-carrying mechanism of RBS-DNB connections. More-
over, the design method also predicted well the potential damage at 
the components of the connections.  

4. The application of under strength bolts in RBS-DNB connections 
resulted in bolts failure due to weakness of the bolts. Therefore, the 
RBS-DNB design method is at an optimum level.  

5. The use of different bolt sizes at the top and bottom of the beam led to 
premature failure of the beam hinge and high stress concentrations in 
the connection components. Accordingly, it is recommended to use 
bolts of the same sizes when designing RBS DNB connections. This in 
turn can also simplify the design and construction of RBS-DNB con-
nections in actual SMF buildings.  

6. Pushover analysis confirmed that SMFs with RBS-DNB connections 
had higher capacity (about 5 % for an SMF with RBS-M16 connec-
tions) and smaller rotations at the beam’s plastic hinges compared to 
counterpart SMFs with RBS. Based on these results, it can be 
concluded that the SMF with RBS-DNB connections experience less 
damage than the SMF with RBS connections. 

The experimental performance of RBS-DNB connections is currently 

Table 4 
Potential damage and/or failure modes of RBS-DNB connections predicted by FE 
models.  

ID Potential damage Failure 

RBS [26] – – 
RBS-M10 – Bolts 
RBS-M12 – Bolts 
RBS-M14 – Bolts 
RBS-M16 Bolts – 
RBS-M18 CJP welds 24 %↑, shear tabs 3 %↑ – 
RBS-M20 Beam flange 10 %↑, CJP welds 32 %↑, shear tabs 

12 %↑ 
– 

RBS-M16- 
M14 

– Beam hinge, 
bolts 

RBS-M18- 
M16 

CJP welds 7 %↑, shear tabs 8 %↑ Beam hinge, 
bolts 

RBS-M20- 
M18 

Beam flange 2 %↑, CJP welds 30 %↑, shear tabs 
14 %↑ 

–  

Fig. 18. SMF building: (a) plan view, and (b) elevation and box column and beam sections.  
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being investigated and the authors will publish the results in a forth-
coming article. 
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Fig. 19. Normalized moment-story drift angle curves from Abaqus® and skeleton curves of (a) RBS connection, and (b) RBS-M16 connection.  
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Appendix A 

Summary of RBS and RBS-DNB design calculation (connection RBS-M16).   

Description Calculations (units: N, mm) 

Design calculation of the RBS connection [24] 
according to [12] (at section A–A) and the 
proposed method (at section C–C).  

Cpr =
Fy + Fu

2Fy
=

261 + 397
2 × 261

= 1.26 > 1.2→Cpr = 1.2

ZRBS = 2
(
bbf − 2C

)
tbf

(
db − tbf

2

)

+
tbw

4
(
db − 2tbf

)2
+ 2aw

2
(

db − 2tbf − aw

2

)

= 2 × (240 − 2 × 40) × 15 ×

(
330 − 15

2

)

+
8
4
(330 − 2 × 15)2

+ 2 × 112 ×

(
330 − 2 × 15 − 8

2

)

= 971136

Mp,beam = RyFy,bZbeam = 1 × 261 × 1314000 = 342.95 × 106

Mp,RBS = RyFy,bZRBS = 1 × 261 × 971136 = 253.46 × 106

Mpr = CprRyFy,bZRBS = 1.2 × 1 × 261 × 971136 = 304.16 × 106

Vpr =
2Mpr

L0 − (2a + b)
=

2 × 304.1 × 106

4700 − (2 × 120 + 220)
= 143.4 × 103

Mu,D = Mud,a = Mpr + Vpr ×

(

a +
b
2

)

= 304.1 × 106 + 143.4 × 103 × (120 + 110) = 337.1 × 106

Mud,c = Mud,a ×
2Llb

L0
= 337.11 × 106 ×

2 × 2000
4700

= 286.90 × 106

ZA = 2bbf tbf

(
db − tbf

2

)

+
tst
4
(db − 2tbf − 2ha,c)

2
+

tbw

4
(
db − 2tbf − 2ha,c

)2

= 2 × 240 × 15
(

330 − 15
2

)

+
8
4
(240 − 2 × 15 − 2 × 5)2 +

8
4
(240 − 2 × 15 − 2 × 5)2

= 1294000

ZC = 2bbf tbf

(
db − tbf

2

)

+
tbw

4
(
db − 2tbf

)2
= 2 × 240 × 15

(
330 − 15

2

)

+
8
4
(330 − 2 × 15)2

= 1314000

MA = φdZARy,bFy,b = 1 × 1294000 × 261 = 337.73 × 106

MC = φnZCRyFy = 0.9 × 1314000 × 261 = 308.65 × 106

Mud,a

MA
=

337.1 × 106

337.73 × 106 = 0.99.

Likewise,
Mud,c

MC
=

286.90 × 106

308.65 × 106 = 0.93   

Step 1: Assume the initial diameter of the bolts 
(dcb). 

According to the recommendations presented in Section 2 at Step 1, the diameter of the bolts was considered as 16 mm (M16). 

(continued on next page) 

Fig. 21. Most critical distribution of the plastic hinges in (a) SMF with RBS connections, and (b) SMF with RBS-M16 connections.  
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(continued ) 

Description Calculations (units: N, mm) 

Step 2: Calculate (Fnb) according to Eqs. (1), 2 
(a) to 2(e). 

Fn,b = φcFcrAtb = 0.9× 212.41× 201.05 = 38.43× 103If 
Fy,bolt

Fe
=

900
242.2

= 3.716 > 2.25→Fcr = 0.877Fe = 0.877× 242.2 =

212.41 

Fe =
π2E

( Lc

r

)2 =
π2 × 210 × 103

( 117
4

)2 =
9.87 × 210 × 103

855.56
= 242.2Lc = 0.65× Ltb = 0.65× 180 = 117. Likewise, r =

dtb

4
=

16
4

= 4 

Step 3: Calculate (Mud,a) according to Eqs. (3) 
to (5). 

Mp,b = RyFy,bZRBS + 4Fn,bhb = 253.46× 106 + 4× 38.43× 103×(110) = 270.37× 106 

Mpr,b = CprRyFy,bZRBS + 4Fn,bhb = 304.1× 106 + 4× 38.43× 103×(110) = 321.09× 106 

Vpr,b =
2Mpr,b

L0 − (2a + b)
=

2 × 321.09 × 106

4700 − (2 × 120 + 220)
= 151.45× 103Mud,a = Mpr,b + Vpr,b ×

(
a+

b
2

)

= 321.09× 106 + 151.45× 103 ×

(120+110) = 355.92× 106 

Step 4: Calculate (Mud,c) according to Eq. (6). Mud,c = Mud,a ×
2Llb

L0
= 355.92× 106 ×

2 × 2000
4700

= 302.91× 106 

Step 5: Calculate (MA) and (MC) according to 
Eqs. (7) to (10). 

MA = φdZARy,bFy,b = 1 × 1409560 × 261 = 367.9 × 106

MC = φnZCRyFy = 0.9 × 1314000 × 261 = 308.65 × 106

ZA = 2bbf tbf

(
db − tbf

2

)

+
tst
2
(db − 2tbf − 2ha,c)

2
+

tbw

4
(
db − 2tbf − 2ha,c

)2

= 2 × 240 × 15
(

330 − 15
2

)

+
16
2
(240 − 2 × 15 − 2 × 22)2

+
8
4
(240 − 2 × 15 − 2 × 22)2

= 1409560ZC = 2bbf tbf

(
db − tbf

2

)

+
tbw

4
(
db − 2tbf

)2
= 2 × 240 × 15

(
330 − 15

2

)

+
8
4
(330 − 2 × 15)2

= 1314000 

Step 6: Control the beam moment capacities 
according to Eqs. (11) and (12). Mud,a ≤ MA = 355.92× 106 ≈ 353.51× 106 O.K.→

Mud,a

MA
=

355.92 × 106

353.51 × 106 = 1.00 OK Mud,c ≤ MC = 302.91× 106 < 308.6×

106→OK→
Mud,c

MC
=

302.91 × 106

308.6 × 106 = 0.98 OK 

Comparison step: flexural strengths of RBS 
connection, beam, and RBS-DNB connection 

Beam (calculated before Step 1):Mp,beam = 342.95 × 106 

RBS (calculated before Step 1):Mp,RBS = 253.46 × 106 

RBS-DNB (calculated in Step 3):Mp,b = 270.37× 106 

Flexural strength recovered by the double nut bolts (%):
Mp,b − Mp,RBS

Mp,beam − Mp,RBS
=

270.37 × 106 − 253.46 × 106

342.95 × 106 − 253.46 × 106 = 18.9% 

Therefore the M16 bolts recovered ~ 18.9% of the RBS flexural strength.  
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