ANALYSIS OF CURVED HAUNCHED CONNECTIONS

E.S. Machaly1, S. S. Safar2 and A. E.Ettaf3
ملخص البحث :
تلعب الوصلات الركنية فى الإطارات المعدنية دورا حيويا فى التحكم فى درجة الأمان والأداء المرضى لتلك المنشآت . و لقد أجريت العديد من الأبحاث على الوصلات الركنية المستقيمة أو تلك التى تزود فيها الكمرات باجربة مثلثية ، بينما لم يذكر الكثير عن الوصلات المنحنية على الرغم من استخدامها استخداما واسعا فى الاطارات ذات البحور الواسعة.و لهذا فلقد تم التركيز فى هذا البحث على دراسة سلوك الوصلات المنحنية باستخدام برنامج طريقة العناصر المحددة ANSYS و بتضمين اللاخطية فى كل من سلوك مادة الحديد و الشكل الهندسى للوصلة مع اخذ أقصى قيمة لانحراف أى عنصر من عناصر الوصلة بالقيمة المسموح بها فى الكود المصرى 2001.  تم دراسة تأثير التوزيعات المحتملة لأعصاب التقوية. وجد ان ميكانيكية الانهيار تتأثر بالجساءة النسبية لعناصر الوصلة. كما ظهر بوضوح تأثر السعة الحملية للوصلة بمقدار الاجهادات القطرية و توزيع أعصاب التقوية.
ABSTRACT:
Although curved hanuched connections are often used in medium to large span steel frames, little was mentioned in literature about their behavior. The objective of this work was to investigate the behavior of curved haunched connections using the finite element method. The effect of connection configuration on failure mechanism, moment capacity and forces that develop in stiffeners was assessed. The general purpose finite element program, ANSYS, was used in the analysis incorporating both material non-linearity and geometric imperfections. It was concluded that failure mechanism and moment capacity of the connection were dependent on the relative stiffness of the connection components and stiffeners configuration. The failure of un-stiffened and diagonally stiffened curved connections occurred by web buckling at the first quarter part at the haunch tip due to radial forces developed by the curved compression flange. The same failure mechanism was noticed when edge stiffeners were applied, however, limited yielded zones appeared in flanges at haunch tip. 
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The connection capacity was pronounced by the addition of stiffeners at quarter points due to their contribution in supporting the curved flange radial forces at haunch tip, hence web buckling failure mechanism was altered to yielding in flanges due to transverse bending and longitudinal stresses. The analysis established herein showed that the conventional design method overestimates the forces supported by stiffeners by neglecting the contribution of the web in supporting radial forces and approximating the connection geometry to an equivalent tapered knee. An alternative analytical model was proposed herein to assess forces in radial stiffeners more accurately.
1. INTRODUCTION:
Curved haunches are widely used in medium to large span frames in order to achieve an overall minimization of the cost of steel in framed structures and to give a more pleasant view. Figure 1 shows the geometric configuration of a typical curved haunched beam-to-column connection. The analysis of curved knees was conducted analytically using both the elastic and plastic theories. A simplified approach based on the elastic theory was established by Machaly [1]. In such approach, bending and shear stresses were determined at any section using the simple beam theory by assuming that the neutral axis coincides with the center of gravity of that section. 
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Fig.1. Geometric Configuration of a Typical Curved Haunched Connection

However, for the diagonal section at the corner, normal stresses were assumed non-linear with the neutral axis located at one-fifth of the total depth from the curved compression flange.Due to curvature of the bottom flange, longitudinal flange forces require the formation of radial forces to maintain equilibrium as depicted in Fig.2. The magnitude of radial forces induced on the haunch web is proportional to longitudinal flange forces and inversely proportional to haunch radius. Therefore radial stiffeners were assumed to be provided at the diagonal and at haunch tips. They are dimensioned to support the whole unbalanced radial flange force of an equivalent tapered connection formed by joining the tips and the mid point of the curved flange with imaginary straight lines. Stiffeners at quarter points are dimensioned to support forces arising from transverse bending action of the compression curved flange. 
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Fig. 2. Radial Forces Developed to Equilibrate Longitudinal Forces in Curved Flanges
Unlike the elastic theory approach, the plastic analysis of the connection showed that the neutral axis was slightly shifted towards the tension flange due to the effect of the curved compression flange [1]. The width-to-thickness ratio of the connection plate elements was assumed to avoid local buckling whereas the ratio of the haunch compression flange radius to its width should not exceed 6 in order to achieve the required plastic strength unless the haunch flange thickness, tf, was increased to control strains. The critical section was identified at an angle 12o from the haunch to beam junction. Interaction curves were established to account for the plastic moment capacity whereas the Von-Mises yielding criterion was adopted to account for the shear moment interaction. Similar to the elastic theory approach, stiffeners must be provided at the diagonal and at haunch tips. They were proportioned to resist the whole unbalanced forces for an equivalent tapered connection. 

The objective of this work was to assess numerically the behavior of curved haunched connections regarding failure mechanism, stress distribution, critical zones and moment capacity. The connection behavior was also investigated when diagonal and edge stiffeners were removed. The assumptions of the conventional design methods for design of stiffeners were evaluated based on the numerical solution. 
2. FINITE ELEMENT MODELING:
The curved haunched connection configuration was selected according to Machaly [1] as illustrated in Fig. 1. Dimensioning of the connection was conducted according to the Egyptian Code of Practice for Steel Construction and Bridges [1] to support the straining actions applied on the beam-to-column corner connection of a portal frame with span 30 m and height 8 m subjected to gravity and wind loads [1]. An I-shaped built-up section W(386x7/280x14) was selected for the beam whereas the column section was designed as W(485x7/280x15). The haunch flange dimensions were assumed identical to the beam flange dimensions, whereas the web thickness of the haunch was increased to 8 mm. The haunch radius was assumed to be 2800 mm. The finite element analysis of the connection was established by the general purpose finite element program ANSYS [5]. All plate elements were modeled with the four noded finite strain shell element, Shell 181, built in the ANSYS element library (Fig. 3). This element has both bending and membrane capabilities. It is suitable for analyzing thin to moderately thick shell structures. The element special features include: plasticity, stress stiffening, large deflection and initial stress import. Therefore it was used in all non-linear analysis conducted throughout this work.
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Fig.3. Finite Element Model for Curved Haunched Connection
The modeled portal frame corner connection included part of the beam equals to twice its depth and part of the column equals to twice its depth to eliminate effect of end conditions on results. All nodes along the column edge were restrained in the three spatial directions whereas the connection upper flange was restrained in the out-of-plane direction at the locations of roof purlins. The compression flange was restrained in the out-of-plane direction at the haunch tip and was left free at the corner re-entrant. 

Straining actions at the beam free edge computed from the overall portal frame analysis including normal force, shear force and bending moment were lumped as nodal forces in the horizontal and vertical directions. The applied nodal forces were scaled to produce the theoretical plastic moment capacity of the beam section at the haunch-to-beam junction. Since the magnitude of normal and shear forces was insignificant compared to applied moment, the reduction of the beam plastic moment capacity due to moment-shear-normal interaction was neglected in the applied load computation.
The idealized stress-strain curve for mild steel based on elastic- perfectly plastic behavior was employed [8] with yield stress of 2.4t/cm2 and Young's Modulus of 2100 t/cm2. Isotropic hardening and Von Mises yield criterion were employed throughout the non linear analysis [1].

3. Methodology:
In order to investigate the effect of stiffeners on connection behavior, four curved haunched connection configurations were studied including: Un-stiffened, diagonally stiffened, edge stiffened and fully stiffened connections.  No stiffeners were applied on the web in the un-stiffened connection. Stiffeners were provided in the diagonal direction at the panel zone of diagonally stiffened connection. Edge stiffeners were introduced at haunch tips in edge stiffened connections whereas fully stiffened connections were also provided with stiffeners at haunch quarter points.
In order to determine the actual strength of each connection configuration, interaction between yielding and buckling must be considered. Manufacturing and erection processes frequently result in permanent deformations in structural elements that must be fed into the model as initial geometric imperfection. On the other hand, to allow for load redistribution, the plastic characteristics of the material must be included. Accordingly three types of structural analysis were carried out on each connection configuration: elastic buckling analysis, inelastic analysis without geometric imperfections, and inelastic buckling analysis with geometric imperfections.

4. FINITE ELEMENT RESULTS:
4.1 Un-stiffened Connection:
Figure 4 depicts the contour plot of the out-of-plane displacements at the first buckling mode of the connection indicating that buckling took place at the first quarter of the haunch web near the haunch tip. This was attributed to the effect of unbalanced radial forces induced on the haunch web by the curved flange. Figure 4 also indicated that the haunch web buckling was associated with lateral buckling of the beam compression flange at the beam edge due to the boundary conditions assumed herein. The connection buckled at a moment equals to 0.58 of the beam plastic moment, Mp.
The inelastic analysis of the connection was conducted assuming an elastic-perfectly plastic material model and neglecting geometric imperfections. The Von Mises yielding criterion was employed. Loads were applied on the model incrementally and solution was obtained at each load increment by iterations using the full Newton-Raphson technique. The analysis was terminated when the plastic limit load was reached. Failure took place at a moment of 0.97 Mp by yielding of the beam compression flange and a part of the haunch web at haunch tip as depicted by the equivalent stress distribution in Fig. 4. The large value of the plastic limit load compared to the elastic buckling load indicated that the capacity of the connection was mainly governed by buckling.
To account for the interaction between yielding and buckling, geometric imperfection were applied. The shape of geometric imperfections was similar to the first buckling mode of the perfect configuration whereas the imperfection amplitude was such that the maximum bowing in web would not exceed 1/150 of the web height and the lateral imperfection in the flange would not exceed 1/75 of the web height. Figure 6 depicts the contour plot of equivalent stresses when the limit load of 0.483 Mp was reached. The analysis results indicated that failure took place by inelastic buckling of the web at the haunch tip due to the effect of the curved compression flange.  
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Fig. 4. First Buckling Mode of Un-stiffened Connection
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Fig.5. Equivalent Stress Distribution at Plastic Limit Load Neglecting Geometric Imperfections for Un-stiffened Connection, t/cm2
4.2 Diagonally Stiffened Connection:
The effect of introducing diagonal stiffeners was investigated. Figure 7 illustrates the first buckling mode of the connection. It was noticed that although the corner re-entrant lacks an out-of-plane restraint, the use of diagonal stiffeners greatly reduced the out-of-plane deformation at that point. Similar to the un-stiffened connection, the buckled shape was mainly composed of a combination of web buckling due to the flange radial forces and the lateral buckling of the beam tip due to the flange compressive forces. The elastic buckling load of the connection was increased to 0.807 Mp (i.e. about 50% increase compared to the un-stiffened case).
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Fig.6. Equivalent Stress Distribution at Limit Load Considering Geometric Imperfections for Un-stiffened Connection, t/cm2
The inelastic buckling analysis of the connection considering the effect of geometric imperfections indicated that the limit load was increased by 24% when the diagonal stiffeners were introduced. The yielding zone was mainly concentrated at the first quarter of the haunch web as depicted by the equivalent stresses contour plot in Fig. 8. Hence, it was concluded that using diagonal stiffeners in the web panel zone caused an overall increase in the connection moment capacity sine they support part of the unbalanced radial forces of the curved flange at the corner re-entrant and increased the shear buckling strength of the web panel zone. 
4.3 Edge and Diagonally Stiffened Connection:
The effect of adding edge stiffeners at the haunch extremities was illustrated herein. The connection lost its stability due to buckling of the web between stiffeners due to curved flange radial forces as illustrated in Fig. 9. Although the buckled shape obtained was similar to the case of un-stiffened and diagonally stiffened connections, it was noticed that addition of edge stiffeners limited the extension of the buckled zones in the web. Consequently the elastic buckling load was increased to 0.972 Mp (i.e. 25% increase in strength compared to diagonally stiffened connection).
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Fig.7. First Buckling mode of Diagonally Stiffened Connection
Similar to un-stiffened and diagonally stiffened connections, the inelastic buckling analysis including the effect of geometric imperfections revealed that the yielding zones were concentrated at the haunch web first quarter (Fig. 10). Limited yielding zones were also observed in the haunch flanges. Since the added edge stiffeners were not located at the connection critical zone, it did not affect the yielding pattern. Nevertheless, addition of edge stiffeners increased the connection limit load to 0.706 Mp. Therefore, it was indicated that addition of edge stiffeners provides additional support to the unbalanced flange forces and supports the haunch web boundaries, hence increases the connection moment capacity.
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Fig. 8. Equivalent Stresses Distribution at Limit Load Considering Geometric Imperfections, t/cm2
4.4 Fully Stiffened Connection:

The effect of adding stiffeners at quarter points was investigated herein. Such connection configuration was designated as fully stiffened connection. Figure 11 shows that the first buckling mode was mainly composed of web buckling between the quarter stiffener and the diagonal stiffener due to the combined effect of bending moments and shear forces at such location. The addition of stiffeners at quarter point clearly enhanced the elastic buckling load of the connection to reach nearly 1.35 Mp. Hence the connection moment capacity will be mainly governed by yielding rather than web buckling.
[image: image28.emf]0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0 0.2 0.4 0.6 0.8 1 1.2

Fraction of loading



Force

Edge

Mid

Quarter



Fig .9. First Buckling Mode of Edge and Diagonally Stiffened Connection
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Fig. 10. Equivalent Stress Distribution at Limit Load Considering Geometric Imperfections, t/cm2
Similar to the plastic theory design method [3, 4], the inelastic buckling analysis of the fully stiffened connection considering geometric imperfections revealed that the yielding zones at limit load were localized at first quarter of haunch length. Figure 12 illustrates that yielding of compression flange took place at the haunch to beam and the haunch to column junction. The concentration of the stresses at such locations was attributed to combined effect of transverse bending stresses in the haunch flange due to flange radial forces with concentration of longitudinal bending stresses in the flange due to shear lag effect [4]. A zone of stress concentration was observed at the tips of the quarter stiffener, suggesting that the stiffener may be preferably extended towards the tension flange. Finally, it was concluded that the addition of stiffeners at quarter points enhanced the connection limit load to 0.786 Mp by supporting part of the radial forces induced on the haunch web and strengthening the curved flange against transverse bending.



Fig. 11. First Buckling Mode of Fully Stiffened Connection
5. ASSESSMENT OF FORCES IN RADIAL STIFFENERS:
In order to evaluate the forces supported by radial stiffeners, the growth of forces in radial stiffeners with loading for the case of fully stiffened connection obtained from the inelastic buckling analysis was obtained. The force transmitted to diagonal, edge and quarter point stiffeners were plotted versus load fraction from the limit load of 0.786 Mp in Fig. 13. Except for edge stiffeners, the growth of forces in diagonal, Mid, and quarter point stiffeners was almost linear. This was attributed to the fact the web surrounding diagonal and quarter stiffener remains essentially elastic except at the quarter stiffener end (see Fig. 12). The abrupt increase in forces supported by edge stiffeners was attributed to the onset of yielding in the flange and web near edge stiffeners when the limit load was reached (Fig. 12). Results presented in Fig. 13 indicate that force distribution among radial stiffeners is dependent on their relative stiffness and distribution of the unbalanced radial forces applied by the curved flange. 


Fig 12. Equivalent Stress Distribution at Limit Load Considering Geometric Imperfections, t/cm2
Both the elastic and plastic theory design methods compute forces in stiffeners using an equivalent tapered haunch concept and neglecting the web contribution in supporting the unbalanced curved flange radial forces. Such procedure may lead to inaccurate computation of forces in radial stiffeners since it was based on unrealistic assumptions. 

[image: image2]
Fig.13. Growth of Forces in Radial Stiffeners by Loading

Comparison of stiffener forces at limit load computed by the finite element solution was compared to the conventional method in Table 1 thus indicating that the conventional method results are indeed conservative. 

Table 1 Comparison of Stiffener Forces Obtained From Finite Element Solution with the Conventional Method [1]
	Stiffener
	Finite Element Model (ton)
	Conventional Method (ton)

	Edge Stiffener
	1.92
	6.72

	Diagonal Stiffener
	2.62
	13.50

	Quarter Stiffener
	4.70
	17.64


Based on the above discussion, an analytical model was proposed to compute forces in radial stiffeners. The model was established by representing the curved flange as a beam on elastic foundation (see Fig.14). The elastic footing stiffness was equal to the web axial stiffness Etw/h whereas radial stiffeners were represented by concentrated elastic springs with constant equals to EAst/Lst where Ast and Lst is the cross sectional area and length of radial stiffener respectively. To account for the variation of the applied radial forces induced by the longitudinal flange forces, a simplified stress block was adopted. Quarter ends of the beam were subjected to a uniform load equals to twice that applied at the middle zone (see Fig. 14) such that the resultant radial force applied on the beam is identical to that obtained from the real radial forces distribution. The stiffener forces obtained from the numerical solution of the proposed analytical model were in good agreement with the finite element solution as listed in Table 2.


Fig. 14. Analytical Model for Assessment of Stiffeners Forces
Table 2 Comparison of Finite Element with the Analytical model results
	Stiffener
	Finite Element Model (ton)
	Analytical Model (ton)

	Edge Stiffener
	1.92
	1.81

	Diagonal Stiffener
	2.62
	2.31

	Quarter Stiffener
	4.7
	4.7


6. SUMMARY AND CONCLUSIONS:
In this paper the behavior of curved haunched connections proportioned by the conventional approach based on the elastic theory was investigating using the finite element method. The analysis was conducted using the general purpose finite element program, ANSYS, incorporating both material and geometric non-linearities. Failure mechanism, moment capacity and force distribution were obtained considering four stiffeners configurations.
Failure of both un-stiffened and diagonally stiffened connections took place by inelastic buckling of the haunch web at the first quarter length of the haunch at haunch tip. This was attributed to radial forces induced by the curved flange on the web that were peak at such location. Addition of diagonal stiffeners increased the limit load capacity of the connection by 24% compared to the un-stiffened configuration since they limit out-plane displacement of the curved flange and web at corner re-entrant. The same web buckling mechanism was obtained when edge stiffeners were applied on the connection. However, the limit load of the connection was increased by 18% compared to diagonally stiffened connection due to the restraint effect of edge stiffeners on web at haunch tip. When stiffeners were added at quarter points, the web buckling failure mechanism was altered to yielding at the haunch web to flange junction at haunch tips due to combined effect of transverse bending stresses and longitudinal bending stresses at that location. Hence the connection limit load capacity was increased by 11% compared to edge and diagonally stiffened connection. It was noticed that a zone of stress concentration appeared at the tip of stiffeners at quarter points suggesting that they should be extended throughout the full height of the haunch web. Evaluation of forces that develop in stiffeners at limit load indicated that the conventional method overestimates stiffener forces. An analytical model was proposed to allow for accurate computation of stiffener forces by considering the web contribution, relative stiffness of connection components and an idealized distribution of radial forces induced by the curved flange. 
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