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1. Introduction 

 

It has been well established that joint properties such as 

rotational stiffness and moment resistance play a significant 

role in the behaviour of unbraced steel structures but the 

common practice generally assumes joints as pinned or 

rigid. In advanced design using Direct Analysis, engineers 

commonly check frame stability and strength with 

allowance for joint properties. 

The majority of design considers a joint to be most 

critical under gravity load and therefore more bolts may be 

provided at the tension zone of a joint rather than the 

compression zone. An asymmetrical joint flushed on the 

tension side and an extended end plate with rib stiffener on 

the compression side is a common joint detail for pitched 

roof portal frames and steel buildings. Any partial-strength 

asymmetrical joint of a frame under sequential loadings 

should account for possible moment reversal at critical joint 

locations rather than designed by assuming identical 

behaviour under positive or negative moments. However, 

asymmetrical performance of a joint is still yet to be 

implemented into the Direct Analysis method of design. For 

the case of under-estimation of strength and stiffness of 

joint, overstressing of certain members may occur. While 
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overestimated stiffness and ductility of joints may 

invalidate the limit loads calculated by simplified 

asymmetric joint behaviour, it could cause unexpected 

deformation of structure and even collapse under design 

load at ultimate limit state. 

In this paper, a parametric study on the performance of 

several asymmetric end plate joints under pure bending is 

first examined by finite elements and verified by 4 sets of 

experimental tests. Secondly, the overall structural 

performance of a pitched portal frame structure and a multi-

storey structure utilizing the studied joints are analysed with 

the results obtained by both symmetrical and asymmetrical 

joint assumptions discussed. 

 

 

2. Formulation of semi-rigid joint element model 
 

Extensive numerical and experimental research has been 

conducted to investigate the nonlinear behaviour of the 

semi-rigid joints in the past two decades. For example, 

Chen and Kishi (1989) proposed a series of studies on semi-

rigid joints. More recently, Valipour and Bradford (2013) 

carried out a 1-D frame element with flexible end joint that 

is capable of capturing the global response of multi-storey 

frames with matching accuracy to the displacement-based 

cubic hermit shape function. Also, Nguyen and Kim (2016) 

proposed an elastic-plastic beam-column element based on 

a displacement-based Newton-Rapson equlibrium iterative 

algorithm with consideration of flexibility in semi-rigid 
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Abstract.  Semi-rigid joints have been widely studied in literature in recent decades because they affect greatly the structural 

response of frames. In literature, the behavior of semi-rigid joints is commonly assumed to be identical under positive and 

negative moments which are obviously incorrect in many cases where joint details such as bolt arrangement or placement of 

haunch are vertically asymmetrical. This paper evaluates two common types of steel frames with asymmetrical beam-to-column 

joints by Direct Analysis allowing for plasticity. A refined design method of steel frames using a proposed simple forth order 

curved-quartic element with an integrated joint model allowing for asymmetrical geometric joint properties is presented. 

Furthermore, the ultimate behavior of six types of asymmetrical end-plate connections under positive and negative moment is 

examined by the Finite Element Method (FEM). The FEM results are further applied to the proposed design method with the 

curved-quartic element for Direct Analysis of two types of steel frames under dominant gravity or wind load. The ultimate frame 

behavior under the two different scenarios are examined with respect to their failure modes and considerably different structural 

performances of the frames were observed when compared with the identical frames designed with the traditional method where 

symmetrical joints characteristics were assumed. The finding of this research contributes to the design of steel frames as their 

asymmetrical beam-to-column joints lead to different frame behavior when under positive and negative moment and this aspect 

should be incorporated in the design and analysis of steel frames. This consideration of asymmetrical joint behavior is 

recommended to be highlighted in future design codes. 
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Fig. 1 Spring-in-series model for joint 

 

 

 

Fig. 2 Hybrid element with semi-rigid and plastic hinges at 

ends 
 

 

joints. The semi-rigid behaviour is usually described by the 

moment versus joint rotation relations, while the joint 

stiffness changes according to the applied moments. 

Therefore, the instantaneous rotational stiffness of a semi-

rigid joint can be calculated as section model (Figs. 1-2) 

during the incremental-iterative procedure requiring 

extensive computational time. As reported by Kwak and 

Kim (2002), by adopting the pre-generated M-P-Φ curves, 

this finite-element-based analysis method can be eliminated 

and dramatically improves design efficiency. 

The basic element which can be used includes the most 

popular element namely the cubic Hermite element, the PEP 

element and the proposed fourth order element. 

Recognizing cubic element has inaccurate stiffness under 

high axial force, the upgraded fourth order element provides 

a sufficiently accurate displacement function for practical 

design. The element can be represented in Fig. 2 above. 
 

2.1 Imperfect single columns with idealized 
boundary conditions 

 

An equation is assumed for the member imperfection as 

 

 
(1a) 

 

 
(1b) 

 

in which vm0y and vm0z are the magnitudes of the 

imperfections at the mid-span of the element, L is the 

element length and x is the distance from the origin 

The lateral deflection v of the element is assumed to be 

the quartic shape function below 
 

 
(2) 

 

where, aj is the coefficient in the shape function and v is the 

lateral deflection. Boundary conditions are applied to the 

quartic shape function, as indicated in Figs. 1-2, which give 

 

When     𝑥 = −
1

2
𝐿,     𝑣 = 0 (3) 

 

When     𝑥 = +
1

2
𝐿,     𝑣 = 0,     

𝑑𝑣

𝑑𝑥
= 𝜃2 (4) 

 

When     𝑥 = 0,     𝑣 = 𝛿 (5) 

 

in which, L is the element length; θ1 & θ2 are the rotational 

angles at two ends and δ is the deflection at the mid-span, 

which is the internal degree-of-freedom to simulate the P-δ 

effect. 

Making use of the energy principle, the secant and 

tangent stiffness matrices can be derived and used in 

conjunction with the Newton Raphson procedure for an 

efficient incremental-iterative non-linear analysis. This 

element allows for member imperfection as well as semi 

rigidity in end nodes. The present paper includes modelling 

of plastic hinges in the following section. 

Non-linear material effect of plastic hinge is considered 

in this paper by the cross-section classification. Material 

yielding is accounted for by zero-length plastic hinges 

shown in Fig. 1 at one or both ends of each element. Here, 

two predefined section springs which are used to simulate 

plastic hinge and a new hybrid element is formulated. The 

internal degrees of freedom can be eliminated by a standard 

static condensation procedure, and therefore the bending 

equilibrium equations in an incremental form can be 

expressed as 

 

 
(6) 

 

With 

 

 

(7) 

 

where Ssi is the stiffness of section spring, ΔMsi is the 

incremental nodal moment, Δθsi is the incremental nodal 

rotations, Kij is the stiffness coefficients of the initially 

curved fourth order element. 

To consider the progressive cross-section yielding, the 

section spring stiffness Ss is simply defined below to 

approximate the inelastic behaviour of the steel members as 

 

𝑆s =
6𝐸𝐼

𝐿

 𝑀pr − 𝑀 

 𝑀 − 𝑀er  
     (𝑀er < 𝑀 < 𝑀pr ) (8) 

 

where EI is the flexural constant, L is the member length, M 

is bending moment due to external forces, and Mer and Mpr 

are the first yield and plastic moments respectively and they 

can be obtained as product of design strength and elastic 

and plastic moduli respectively. 

In computer analysis, the section spring Ss is taken as 

10+10 EI/L and 10-10 EI/L for the elastic case (i.e., M < Mer) 
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and the plastic case (i.e., M > Mpr) respectively. The values 

are chosen because infinity is undefined numerically and 

10+10 is the largest allowable value which has negligible 

difference in the calculated output when compared to a 

relatively smaller value that is above 25 EI/L. In case of a 

force point outside the full yield surface (i.e., M > Mpr), it 

should be moved back onto the surface to avoid the 

violation of plastic state by reducing the force and moment. 

The path of returning to yield surface is towards the origin 

of the force-moment surface. 

The checking of plastic moment capacity M in the 

presence of axial force can be obtained directly from the 

equation for section capacity check as 
 

𝑃

𝑃𝑦
+

𝑀

𝑀𝑝
=  ∅ (9) 

 

in which P and M are the applied axial force and moment, 

Py and Mp are the axial force and moment capacities and  

is the section capacity factor and the section reaches full 

plasticity when  is equal to 1. 

With the formulation of element stiffness matrix, a 

nonlinear analysis can be carried out by a Newton-Raphson 

incremental-iterative procedure with constant load or by 

arc-length or minimum residual displacement constraints. 

Examples reported in this paper are conducted by the 

element and the standard nonlinear analysis procedure with 

the joint properties Ss in Eq. (8) determined in the following 

sections. The proposed element seems to be most simple 

with allowance for plastic hinges and semi-rigid joints as 

well as member imperfection which are mandatory in 

contemporary design codes for Direct Analysis. Therefore, 

the theory reported in this paper can be directly applicable 

to practical problems of designing semi-rigid steel frames 

by the non-linear theory. 
 

 

3. Review of end plate joint research 
 

Extensive research work on static monotonic loading 

tests for different types of beam-column joints have been 

carried out in the past few decades. These experiments gave 

valuable data and insight for understanding the behaviour of 

various joint types and for modelling the joint component in 

the analysis. 

Since the earliest studies of rotational stiffness of beam-

column joints by Wilson and Moore (1917), numerous tests 

have been conducted to establish the relationship between 

moments and relative rotations of beam-column joints. Prior 

to 1950, riveted joints were tested by Young and Jackson 

(2011) and Rathbun (1936). In parallel with the interest in 

using high-strength bolts as structural fasteners, this joint 

type was tested by Bell et al. (1958). Subsequently, the 

behaviour of header plate joints was investigated in twenty 

tests by Sommer (1969). 

Extended end-plate and flush end-plate joints have been 

used extensively since the late 1960’s and extended end-

plate joints are designed to transfer considerable moments 

from beams to columns. Flush end-plate and extended end-

plate joints for more rigid connections were tested by 

Ostrander (1970) and Johnstone and Walpole (1981) 

respectively. 

Davison et al. (1987) performed a series of tests on a 

variety of beam-to-column joints including the web-cleat, 

flange cleat, combined seating cleat and web cleats, flush 

end-plate and extended end-plate joints. An informative 

database of joint moment-rotation M-φc curves was 

established. Moore et al. (1993) carried out tests on five 

full-scale steel frames. The joints under the test included the 

flush end-plate joint, the extended end-plate joint and the 

flange cleat joint. Complete records of deformation of 

members and joints were reported. Liew et al. (1993) 

studied the qualities and limitations of the elastic-plastic 

method and the refined plastic-hinge method for direct 

frame design. Yu et al. (1998) reported differential 

behaviours of asymmetrical end-plate joints subjected to 

combined actions of member loads and lateral loads in the 

analysis of a sway frame. Kim et al. (2000) proposed a 

refined plastic-hinge analysis accounting for strain reversal 

due to sequential loading applied to structures. More 

recently, Li et al. (2014) investigated the 5 design 

parameters that influenced the joint performance most 

significantly by experiments and finite element models and 

found that the most important impact factors are the T-stub 

connecting parts and the number of bolts. Daryan et al. 

(2012) examined the time history response of semi rigid 

frame with angle bolted joint under lateral loadings. Rafiee 

et al. (2013) derived an optimum design algorithm capable 

of identifying the best design solution for steel frames 

utilizing a selection of semi-rigid joints. Sagiroglu and 

Aydin (2013) derived the Frye-Morris polynomial model for 

nonlinear behaviour of double web angle joints and 

compared the performance of unbraced rigid and semi-rigid 

structures. Liu et al. (2016b) studied the contribution of 

floor stiffness for steel structures with semi rigid end plate 

joint. Bai et al. (2016) evaluated the failure probability of 

steel frame under: (1) linear semi-rigid; (2) nonlinear semi 

rigid; and (3) nominally pinned joints by the monte-carlo 

simulation and found that joint rigidity have strong impact 

on the structural integrity of steel structures. 

Majority of these studies assumes symmetrical 

properties for joints. For symmetrical joints, the stiffness is 

theoretically identical but for most joints with asymmetrical 

geometry, the stiffness for joint is under sagging moment is 

understandably higher due to better stress distribution 

between the bolts at tension zone and at the end plate. As a 

result, the member and frame behaviour under moment 

reversal may be significantly different for symmetrical 

joints. Asymmetrical cap plate and extended end plate joints 

under predominant positive bending were tested by Nassani 

et al. (2017) and but no Load Case leading to moment 

reversal is investigated. This paper is aimed to investigate 

the non-linear behaviour of steel frames with asymmetrical 

joints under the influence of realistic load cases leading to 

moment reversal. 

Eurocode 3 (2005) proposes the limit state approach of 

checking strength of individual joint components based on 

common design variables such as thickness of end plate, 

column flange, as well as the diameter of bolt. It was 

popular to follow the AISC (2010) guidelines that lead to 
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design of a fairly thick plate due to the design assumption 

of column flange and end plate being perfectly elastic and 

relatively stiff. However, with the introduction of the Tee 

stub model, the prying force of bolt can be determined and a 

more economical design can be resulted. The works of 

Sagiroglu and Aydin (2015) has demonstrated a structural 

weight reduction of up to 9% can be achieved for multi-

storey frames adopting semi-rigid joints compared to using 

fully rigid joints. 

The yield-line theory, which establishes the relationship 

between yielding pattern and the strength of joint 

components, is also used in Eurocode 3 (2005). The design 

guides by SCI (2014) encompasses a range of common 

yield-line patterns such as circular or grouped, and 

accommodating common bolted joint types such as flushed 

end plate joint and extended end plate joint with and 

without stiffener ribs. In general, engineers favour bolt 

resistance to be significantly larger than the strength of 

other components in the joint in order to ensure ductility 

and rotational capacity, which results in a less stiff structure 

in exchange for a more gradual or prolonged progressive 

collapse. 

One of the few coverages in design for moment reversal 

in joints is found in AISC (2010) which is related to 

checking of welds in compression flange when under 

tension due to moment reversal. However, no literature is 

found about its influence on global stability of steel frames. 

This paper fills this gap of studying frames with allowance 

for the asymmetrical joint responses. 

 

 

4. Finite element model (FEM) and experimental 
verification 
 
This paper first validated the accuracy of the FEM by 

full-scale test of an extended end-plate joint (Fig. 3 and 

Table 1). A comparison of the deformation characteristic 

after yielding is presented in Fig. 4. Similar to most 

previous finite element analysis and studies, reliability of 

FEM in joint modelling is confirmed and accurate results 

were obtained and reported. Briefly speaking for the present 

studies, the FEM package ABAQUS (2014) was used to 

evaluate the structural performance of asymmetrical bolted 

joints under pure bending. Material yielding is captured by 

adopting three-dimensional eight-node linear brick elements 

C3D8 for modelling of all joint components. The contact 

 

 

 

Fig. 3 Joint configuration 

 

Table 1 Joint configuration 

All Steel grade 275 N/mm2 

Beam 
Section 152×89×16 kg/m UB 

Span 1 m 

Column Section 152×152×23 kg/m UC 

End plate 

Thickness 10 mm 

Width 130 mm 

Height 279 mm 

Bolts 

Vertical distance 209 mm 

Horizontal distance 60 mm 

Grade Gr 8.8 

Size 16 mm diameter 
 

 

 

  

Fig. 4 Tested specimen and strain diagram (FEM) 

 

 

 

Fig. 5 Moment versus joint rotation 

 

 

between a bolt nut and an endplate is established by 

applying a designated preload along the bolt shank and then 

fixing the bolt length in the remaining analysis. The 

material properties adopted in the FEM are obtained from 

coupon tests for various key locations of the sample 

specimens. The Newton Rapson analysis with constant 

displacement control is adopted for iterative convergence at 

the second half of the numerical simulation. By indication 
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Table 2 Comparison of analytical results for joint bending 

resistance, rotational stiffness, and rotational 

capacity 

Specimen 

Moment 

resistance 

Initial 

rotational 

stiffness 

Rotational 

capacity Failure 

mode 
Mj,Rd 

(KN.m) 

Sj,ini 

(MN.m/rad) 

Φc 

(mrad) 

Experiment 

No. 1 
21.9 2.6 56.5 

End plate 

yielding 

Experiment 

No. 2 
22.1 2.6 40.1 

End plate 

yielding 

Finite element 

analysis 
21.4 2.4 36 

End plate 

yielding 
 

 

 

of maximum strain value of strain gauge attached to the end 

plate, it is noted that the initial yielding for both the 

experimental test and the FEM occurred at the end plate 

location adjacent to the beam bottom flange. The initial 

rotational stiffness and ultimate moment resistance are also 

in good agreement as shown in Table 2. However, the M-θ 

graph comparison in Fig. 5 shows that a lower stiffness is 

observed for both of the experimental results at mid rotation 

range prior to first yielding, which can be explained by its 

lack of fit and subsequent slip between components such as 

gaps between bolts and bolt holes, gradually displace under 

higher load applied to the specimens. 

 

 

5. Design consideration of joint types 
 

The relationship between the number of tension bolt row 

for eaves joint under positive moment and the joint 

performance was carried out by parametric studies using 

FEM. The specimens were designed to withstand a design 

moment of 20 kNm according to the limit state of the gable 

frames (Fig. 6) studied in this paper. Six joint models were 

designed for ductile failure. Further explanation will be 

given on the FEM results. 

The two distinct types of asymmetrical joints in the 

gable frame (Fig. 6) are eaves joint (Type C model) (Figs. 

7-9) and apex joint (Type D model) (Figs. 10-12). 

Design parameters of the six joints are shown in Tables 

3 which describe the number of tension bolts and shear 

bolts under gravity load case. Material properties for the 

FEM are shown in Table 4. The boundary conditions and 

 

 

 

Fig. 7 Type C1 joint (contain 1 row of tension bolts when 

under +ve moment) 
 

 

 

Fig. 8 Type C2 joint (contain 2 row of tension bolts when 

under +ve moment) 
 
 

 

Fig. 9 Type C3 joint (contain 3 rows of tension bolts when 

under +ve moment) 

 

 

 

Fig. 6 Vogel gable frame for our current study 
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Fig. 10 Type D1 joint (contain 1 row of tension bolts when 

under +ve moment) 

 

 

Fig. 11 Type D2 joint (contain 2 rows of tension bolts when 

under +ve moment) 

 

 

Fig. 12 Type D3 joint (contain 3 rows of tension bolts when 

under +ve moment) 

 

 

 

Table 4 Material properties from Vogel (1985) 

Material 
Yield strength Tensile strength 

(MPa) (MPa) 

Beam 235 360 

Column 235 360 
 

*Notes: Elastic modulus is 206000 Mpa and bolt pretension force 

is 185 kN 
 

 

the method of loading are described in Figs. 13 and 14. It 

can be assumed rationally that under gravity load case, the 

top bolt rows of a Type C joint are principally stressed by 

bending while the bottom bolt rows are by shear. For a type 

D joint, the bottom bolt rows are principally stressed by 

bending while the top bolt rows are by shear. 

The contribution of shear and axial force towards the 

failure of the Type C and Type D joints is found to be less 

than 5% of the member section capacity and hence these 

joints are considered as being stressed principally by 

bending. 
 

 

6. Results and discussions 
 

Joint asymmetry in the form of bolt group arrangement 

and end-plate rib stiffener is found to have significant 

influence on the performance of the studied joints in this 

paper. 
 

6.1 Governing failure modes 
 

The strain distribution and deformation at first yielding 

for type C joints and type D joints are shown in Figs. 16 to 

19. 

 

 

Table 3 Design parameters of joints under Load Case1 (Gravity load only) 

Joint 

No. 

Joint 

location 

Web stiffener thickness End-plate thickness Number of 

tension bolt row 

Number of 

shear bolt row (mm) (mm) 

C1 Eaves 15 13 1 1 

C2 Eaves 15 13 2 1 

C3 Eaves 15 13 3 1 

D1 Apex N/A 16 1 2 

D2 Apex N/A 16 2 2 

D3 Apex N/A 16 3 2 
 

*Notes: All member size is IPE360, All bolt diameter is 24 mm and all beam web rib stiffener haunch thickness 

is 20 mm. Tension bolt is principally stressed in tension by bending moment at the joint while shear 

bolt is principally stressed by shear force under the gravity load case 

 

(a) Mesh distribution overview (b) Surface for applied displacement (c) Rigid support at column base (d) Surface for bold preload 

Fig. 13 Configuration of FE model for eaves joint types 
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A higher number of bolt row at the tension zone 

improves moment capacity of the joint by greater energy 

dissipation to the column flange under tension and the end 

plate. Localized yielding of column flange near the bolts at 

the tension zone was observed for joint type C1, C2 and C3. 

No sign of prying was noted. By comparing the same joints 

under moment reversal, the addition of an end-plate rib 

stiffener at the tension zone improves stress mobilization 

between the beam and column members, which explains the 

higher rotational stiffness and moment capacity of the said 

joints under negative moment. 

 

6.2 Moment-rotation behaviour 
 

Fig. 20 and Table 5 show the M-Φ behaviours for all six 

joint configurations. Note that a stronger joint performance 

was clearly observed when the extended stiffened end-plate 

end come into tension instead of the flush end-plate end. 

Type C1 model achieved 58% more moment capacity 

under positive bending than under negative bending (153.2 

kNm for specimen C1 under positive moment and 242 kNm 

under negative moment). The difference was reduced to 

29% when the number of bolt rows in the tension zone 

increases to 3 (Type C3). For all Type D specimens, the 

same trend was observed. The initial rotation stiffness for 

Type C1 model is 292% higher under positive bending than 

under negative bending. The value was reduced to 160% 

higher for specimen C3. 

The calculation of lever arm for the studied joint type is 

taken as the vertical distance between the column-flange-to-

end-plate contact zone (conservatively assumes as the zone 

adjacent to bottom beam flange for design purpose) and the 

horizontal pull-out force by bolt groups in the tension zone 
 

 

 

 

(Fig. 15). The longer lever arm is employed when the joint 

is under negative moment, which allows greater rotational 

stiffness and moment resistance than when under positive 

moment. By comparing Type C2+ve and C3+ve, the 

rotational stiffness increased further by another 122% but 

the moment resistance increased merely by 1%. 

 

6.3 Effect of bolt group 
 

The influence in the quantity of tension bolts on the 

behaviour of the considered joint is studied in this section. 

In terms of initial rotational stiffness, the addition of a 

second bolt row in the tension zone in Type C2 joint has 

improved the rotational stiffness by 48% when compared 

with only one bolt row in the tension zone in Type C1 joint, 

while a third additional bolt row in Type C3 joint has 

improved the stiffness by a further 23% when compared 

with Type C2.This is due to the improvement in stress 

transfer between the flange and the web when more bolt 

rows were employed in the tension zone. Similar results 

were observed for Type D joints, with 203% increases in 

rotational stiffness by increasing from one bolt row (Type 

D1 joint) to two bolt rows (Type D2 joint), and a further 

47% to three bolt rows (Type D3). In terms of the moment 

resistance, There is an 20 to 22% increases from Type C1 to 

Type C2 but merely 1% from Type C2 to Type C3, a similar 

trend is observed where a 22% increase is observed 

between Type D1 and Type D2, and yet a significantly less 

of 9% is observed between Type D2 and Type D3. This 

observation can conclude that, in terms of moment 

resistance, Type C1 and D1 have more to be benefitted from 

a second bolt row compared to a third bolt row as two bolt 

rows have twice the stress cone area than with one bolt row 
 

 

 

(a) Mesh distribution (b) Lateral restrains (c) Boundary condition and loading 

Fig. 14 Configuration of FE model for apex joint types 

 

Fig. 15 Design assumptions of lever arm calculation for Type C1 joint 
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(Type C1), but three bolt rows (Type C3) have one third the 

stress cone area than with two bolt rows (Type C2). The 
 

 

 

Fig. 16 Joint failure by column flange yielding under 

positive moment 
 

 

 

Fig. 17 Joint failure by column flange yielding under 

negative moment 
 

 

 

Fig. 18 Joint failure by end plate yielding under positive 

moment 
 

 

 

*Note: The deformation pictures of the two remaining Type D 

joints under are not shown in this paper due to  visual 

identity to Type D2 

Fig. 19 Joint failure by end plate buckling under negative 

moment* 

 

 

Table 5 Joint assessment based on Eurocode-3 classification 

Joint No. 
Moment 

direction 

Joint stiffness 

class 

Joint strength 

class 

Mj,Rd 

(KN.m) 

Sj,ini 

(MN.m/rad) 

Φc 

(mrad) 

Failure limit state 

(initial yielding) 

C1 

+ve Semi-rigid Partial 153.2 
75.5 

(13.5 EI/L) 
19.5 

Column 

flange yielding 

‒ve 
Nominally 

rigid 
Full 242 

220.6 

(36.3 EI/L) 
1056.6 

Member 

yielding failure a 

C2 

+ve Semi-rigid Partial 183.2 
112.1 

(20.0 EI/L) 
47.2 

Column 

flange yielding 

‒ve 
Nominally 

rigid 
Full 242 

220.6 

(36.3 EI/L) 
1056.6 

Member 

yielding failure a 

C3 

+ve Semi-rigid Partial 186.3 
137.5 

(24.5 EI/L) 
47.3 

Column 

flange yielding 

‒ve 
Nominally 

rigid 
Full 242 

220.4 

(39.2 EI/L) 
1052.5 

Member 

yielding failure a 

D1 

+ve Semi-rigid Partial 158.5 
22.8 

(4.07 EI/L) 
43.5 

End-plate 

yielding 

‒ve 
Nominally 

rigid 
Full 242 

238.6 

(42.6 EI/L) 
1444.2 

Beam 

flange yielding 

D2 

+ve Semi-rigid Partial 193.9 
46.422.8 

(8.29 EI/L) 
63.3 

End-plate 

yielding 

‒ve 
Nominally 

rigid 
Full 242 

239.6 

(42.6 EI/L) 
1405.7 

Beam 

flange yielding 

D3 

+ve Semi-rigid Partial 209.2 
68.4 

(12.2 EI/L) 
83.9 

End-plate 

yielding 

‒ve 
Nominally 

rigid 
Full 242 

239.8 

(42.7 EI/L) 
1405.7 

Beam 

flange yielding 
 

a Member yielding is a failure limit state to describe the case of a strong-connection weak-member scenario 

where a member yields earlier than any components of a connection 
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second reason may be due to the reduction in lever arm 

between the third bolt row compared to the second bolt row 

which reduces the effectiveness of the third bolt row in 

providing both stiffness and resistance. 

 

6.4 Effect of an end-plate rib stiffener 
 

The addition of an end-plate rib stiffener increases the 

joint stiffness by minimizing the deformation in the end-

plate, which improves the end-plate flexural resistance. In 

Fig. 15, the lever arm is conservatively assumed as such in 

a typical design practice, where L-ve is the lever arm for 

negative bending and L+ve for positive bending. As 

expected, all Type C joints exhibit higher stiffness under 

negative bending when L-ve was used. Furthermore, under 

negative bending, first yielding occurred nearly 

simultaneously to the beam and column flanges outside the 

connection zone, with the column flange detecting the 

highest strain within the connection zone which is only 

 

 

1.1% at the instance of first yielding in the members. This 

shows that a minimal amount of bolt row is required for 

achieving full-strength rigid joint when the bending 

moment is applied away from the extended end-plate end. 

Conversely, a full-strength nominally rigid joint cannot be 

achieved even if a maximum number of tension bolt rows is 

used for the same joint under positive bending due to the 

lack of web rib stiffener on the tension side of the joint. 

 

 

7. Conclusion of FEM results 
 

Table 5 summarizes the joint performance characteris-

tics according to Eurocode-3 classification and Fig. 20 

shows the M-Φ relationships of the six asymmetrical joints 

under positive or negative bending moment. The six joint 

models exhibit higher bending resistance as well as 

rotational stiffness when their extended ends are in tension 

by negative moment. Since the extended end is often more 

 

Fig. 20 Moment-Rotation relationships of the six asymmetrical joints 
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Fig. 21 Design flow chart of frame with asymmetrical joint 

by direct analysis 
 

 

effective in stress mobilization between the joint 

components compared to the flushed end, a typical haunch 

joint is often not well utilized in positive bending due to the 

weaker flush end in control of the joint overall strength. 
 

 

8. Plastic direct analysis of frames with semi-rigid 
joint 
 

8.1 Description of the design work flow 
 

An overview of the proposed design of a frame under 

asymmetrical semi-rigid joints developed for this paper is 

shown in Fig. 21 above 
 

8.2 Modelling of asymmetrical M-θ response curve 
of semi-rigid joint 

 

The model characteristic is based on the Eurocode-3 

traditional criteria of a joint, which are bending strength, 

stiffness, and ductility. Effort is spent on the integration of 

negative-positive joint moment curvature onto the recent 

curved-quartic-function element with end-spring which 

models the effects of semi-rigid joints and material yielding 

under large deflection effects with the one-element-per-

member model. 
 

8.3 Non-linear analysis of Vogel gable frames with 
asymmetrical joints 

 

To investigate the structural response of frame under 

asymmetrical joints, the models developed from this paper 

were applied to the benchmarked examples as Vogel gable 

frame and Vogel six storey frame (Vogel 1985). The 

material and geometrical properties of the frames and their 

constituting members are available in the original 

publication. 

For verification purpose of the modelling technique, the 

load-displacement curve of the Vogel gable frame is 

computed by 4th order polynomial function of present study 

and is compared with Vogel plastic zone theory (Vogel 

1985) with agreeable outcome shown in Fig. 22. 

The load-displacement curves of Type 1 frame (Fig. 23) 

and Type 2 frame (Fig. 24) are computed by the 4th order 

polynomial element and are shown in Figs. 25-26 

respectively. These two figures show that the structural 

 

 

 

(a)  (b) 

Fig. 22 (a) Configuration of Vogel gable frame; (b) comparison of load–deflection curve with Vogel’s plastic 

zone theory (Vogel 1985) 
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Fig. 23 Loading and dimension details of Type 1 Frame (a) 

Load Case 1: gravity load; (b) Load Case2: Lateral 

wind load 
 

 

 

Fig. 24 Loading and dimension details of Type 2 Frame (a) 

Load Case 1: Gravity Load; (b) Load Case2: Lateral 

Wind Load 

 

 

stiffness and the load capacity of each frame were affected 

by asymmetrical M-θ behaviour of Type C joints (eave 

joint) for Load Case 2 where negative moment exist at the 

eave joint. In particular, the asymmetry of joints for Type 1 

and Type 2 frames under Load Case 1 (Gravity Load only) 

has no effect on the load-displacement graph because all 

beam-column joints of the frame has similar performance 

under positive moment. As shown in Table 6, load capacity 

of Type 1 frame is found to be more susceptible to joint 

asymmetry than Type 2 frame, this is explained by the fact 

that an apex joint from the gable frame is not under 

predominant bending as opposed to the eave joints and 

therefore it is less affected by the bending performance of 

joint. From Fig. 27 to 29, significant increases in load-

carrying capacities of Type 1 frames can be observed by 

adopting the proposed design approach for asymmetrical 

 

Fig. 25 Structural responses of Type 1 frame under Load 

case 1 and 2 
 

 

 

Fig. 26 Structural responses of Type 2 frame under Load 

case 1 and 2 
 

 

 

Fig. 27 Structural responses of Type 2 frame with 

proposed asymmetrical joint design method 

against the conservative design approach for Type 

C1 joint under Load case 2 (lateral wind load only) 
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Fig. 28 Structural responses of Type 2 frame with 

proposed joint design assumption versus the 

conservative design approach for Type C2 joint 

under Load case 2 (lateral wind load only) 
 

 

 

 

Fig. 29 Structural responses of Type 2 frame with 

proposed asymmetrical joint design assumption 

against the conservative design approach for Type 

C3 joint under Load case 2 (lateral wind load only) 
 

 

 

joints instead of the conservative design approach where the 

weaker bending direction is assumed to represent stiffness 

and strength for the joint under either positive or negative 

bending. This demonstrated great potential in material 

economy for adopting such design method. More 

importantly, the method provides a more accurate failure 

mode assessment and bending moment profile which would 

affect the corresponding member design considerably. From 

the results of Table 6, the collapse load of the gable frame is 

shown to be reduced by 35%, 22% and 21% respectively if 

joint type C1, C2 and C3 are adopted instead of a nominally 

rigid joint. However, a minor reduction of 2% or less is 

observed for the apex joint types D1, D2 and D3 which are 

predominantly stressed axially. 

Table 6 Summary of normalized Load Factor for Vogel's 

gable frame with asymmetrical joints under Load 

Case 2 (Lateral Wind Load only)) 

Adopted joint type Normalised load factor, λu 

Nominally rigid 1 

Type C1 (Type 1 frame) 0.65 

Type C2 (Type 1 frame) 0.78 

Type C3 (Type 1 frame) 0.79 

Type D1 (Type 2 frame) 0.98 

Type D2 (Type 2 frame) 0.98 

Type D3 (Type 2 frame) 0.99 
 

 

 

 

 

 

Fig. 30 Comparison of load–deflection curves for Vogel’s 

six-storey frame under benchmark Load Case 
 

 

 

 

 

Fig. 31 Structural responses of Vogel’s six storey frame 

with type A and type C joints 
 

*Note: Negative moment is generated by Load Case 1: (Gravity 

Load only), And positive moment by Load Case 2: 

(Lateral Wind Load only)) 
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8.4 Non-linear analysis of Vogel six-storey frames 
with asymmetrical joints 

 

The load-displacement curve of the Vogel six-storey 

frame shown in Fig. 30 is computed by 4th order polynomial 

function of present study and yields agreeable outcome with 

the Vogel’s plastic zone theory (Vogel 1985). In the present 

study, all the structural members would adopt IPE360 for 

the study of its structural response with Type C joints which 

adopts section IPE360. This example serves to highlights 

the effect of joint asymmetry on the frame behaviour and 

the results are shown in Fig. 31. 

The design load capacity factor (λu) of the Vogel six 

storey frame (Vogel 1985) is determined based on “the first 

plastic-hinge design”, where the minimum load factor 

required for the formation of the first plastic hinge is used. 

The results are summarised in Table 7. The load-

displacement result plotted in Fig. 31 illustrates that the 

effect of Type 3 joint asymmetry on the structural responses 

of the six storey frame was not as prominent as our previous 

example, i.e., the variation in load factor between different 

Type C joints was all within 8% as shown in Table 7, as 

opposed to 35% for the Vogel gable frame model earlier in 

this study (see Table 6). 

By the bending moment diagram illustrated in Fig. 32 

below, the frame model was still structurally stable after the 

formation of the three plastic hinges across all three 

columns at the ground storey, resulting in a pinned based 

structure with moment resisting beam-column joints which 

was still structurally stable. This illustrates that since the 

present frame derives its lateral stiffness from both its 

beam-column joints and its rigid column support, the 

asymmetry of the beam-column joint has less effect to the 

overall load-deflection shape of the frame compared to the 

gable frame with pinned support in earlier chapter. Briefly 

speaking for the frame failure mode, the frame reached its 

collapse load when more plastic hinges were formed at the 

columns of the second storey, which caused in-plane sway 

instability (a failure mechanism). Fig. 32 below, which 

illustrates the bending moment diagram of the six storey 

frame under Load Case 2 (Lateral Wind Load only) would 

result in one end of each beam to be subjected with positive 

bending and the opposite end with negative bending. 

It is illustrated that the possibility of a moment reversal 

to a structure with asymmetrical bolted joints such as those 

studied in this paper could have a significant impact to the 

structure load-carrying capacity of structures, hence the 

moment-rotation relationships of asymmetrical bolted joints 

should be modelled in a Direct Analysis for safe structural 

design and analysis. 
 

 

Table 7 Summary of normalized Load Factor for Vogel's 

six-storey frame with asymmetrical joints under 

Load Case2 (Lateral Wind Load only) 

Joint type Normalised load factor, λu 

Nominally rigid 1 

C1 0.92 

C2 0.95 

C3 0.96 
 

 

 

Fig. 32 At the stage of collapse (collapse load factor = 3) 

under Load Case 2 (Lateral Wind Load only) 
 

 

9. Conclusions 
 

A robust direct analysis of semi-rigid frames allowing 

for asymmetrical M-θ behaviour is presented and this 

consideration appears to have not been included in previous 

research work, but unavoidable in typical joint details for 

some common steel structures. This paper further presents 

an investigation on its influence to the non-linear structural 

response of a Vogel gabled frame and six-storey frame. The 

M-θ characteristics for a series of apex and eaves joints 

were evaluated by FEM and adopted in frame analysis and 

design of the two frame types. It was found that the M-θ 

characteristics of the six studied joints are mostly 

asymmetrical as expected and are classified from full-

strength rigid by positive moment to partial-strength semi-

rigid by negative moment. When under Load Case 2 

(Lateral Wind Load only), the associated non-linear 

structural analysis reveals the effect of asymmetrical 

behaviours to be significant with a reduction in loading 

capacity of up to 35% for the Vogel gable frame and 8% for 

the Vogel six storey frame. FEM result also shows that the 

number of bolt rows in tension affects the initial rotational 

stiffness of the joint considerably but not always the case 

for the moment resistance. In order to avoid unsafe and 

under-design of structures, asymmetrical behaviour in joints 

should be considered. 
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