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STATIC BEHAVIOR OF CURVED GIRDERS



ABSTRACT This is the seminar presentation of the Seminar in Structural Engineering in spring 2004. The course is arranged in the Helsinki University of Technology by Laboratory of Bridge Engineering, Laboratory of Structural Mechanics and Steel Structures and is for under- and postgraduate students. In this paper the static behaviour of curved bridges is clarified by investigating actual bridge cases. Basis of torsional warping is shortly explained and the behaviour of three types of cross sections are studied and compared. The effects of diaphragm spacing, central angle and cross sectional quantities to distorsional warping stresses are presented with four typical box girder bridges. Based on the examinations practical design guidelines are derived and explained. Finally the theory of deflection of curved girder bridge is formulated. Also in this part monobox, twin-box and multiple I-girders are compared and practical design instructions are presented.



INTRODUCTION Curved bridges are often constructed in multi-level junctions. Analysing of torsional stresses of the girders is the most challenging and interesting part of the design process. In the design of curved girder bridges, the engineer is faced with a complex stress situation, since these types of bridges are subjected to both bending and torsional forces. In general, the torsional forces consists of two parts, i.e., St. Venant’s and warping. Thus the procedure for determining the induced stresses of a curved girder is difficult.



1. TORSIONAL WARPING STRESS In order to clarify the magnitude of the torsional warping stress, the following preliminary analysis is conducted. 1.1 Definition of Torsional Parameter κ The coverning differential equation for the twisting angle θ of a curved beam subjected to torque mT is



(1)
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The bimoment Mω is given by the well-known formula



(2) In this formula one should note the analogy between warping and bending. The differential equation (1) can be rewritten with respect to the bimoment as



(3) where the parameter α is given by



(4) This parameter can be nondimensionalized by multiplying by the central angle of curved girder Φ, which yields



(5) 1.2 Values of parameter κ for actual bridges In the following torsional parameters κ for various curved girder bridges with cross sections as illustrated in Fig.1 were investigated by using the actual dimensions of the bridges. The investigated cross sections are open multi-I-girder, twin-box-girder and monobox girder.



Figure 1. Investigated curved girder bridges: a) multiple-I girder, (b) twin-box girder, and (c) monobox girder. In evaluation the torsional constant K and warping constant Iω of bridges modelled as a single girder, exact solutions may be applied. In addition to these techniques, approximate and simple formulas can be applied for multi-I-girder and twin-box-girder bridges. First, an Page



4



arbitrary point B is chosen as the origin, as shown In Fig. 2. Figure 2. Estimation of shear center S for curved multiple-Igirder bridge. If we assume horizontal and vertical axes ξ and η, respectively, the location of the shear center S for the multiple girder bridge, idealized as a single unit, can be determined from the equations.



(6a)



(6b) where ζi,ηi = horizontal and vertical distances, respectively, between centroid Ci of ith girder and point B Ix,i,I Y,i = moments of inertia of ith girder with respect to the centroidal Xi And Yi axes respectively The torsional and warping constants can be approximated as



(7)



(8) where Ki = torsional constant of ith girder Iω,i= warping constant with respect to Si of ith girder e,xi,eY,i = horizontal center Si of ith girder and shear center S of the system Also the centroid C for the system of curved beams can be determined from
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(9a)



(9b) where Ai is the cross-sectional area of the ith girder. The corresponding moment and product of inertia, which will be required in the stress analysis, can approximated by



(10a) (10b) (10c) where



IX,i,IY,i = geometric moments of inertia with respect to Xi and Yi axes, respectively, of ith girder IXY,i = product in inertia with respect co Ci of ith girder eX,i,eY,i= horizontal and vertical distances respectively,between Ci and C



By applying these approximate formulas to actual bridges, the interrelationship between κ and Φ has been determined; see the results in Fig. 3. Examination of the trends in Fig. 3 indicates that Φ is not important and that the parameter κ will have the following ranges: κ = 0,5-3 κ = 3-10 κ≥ 30



multiple-I girder (11a) twin box (11b) monobox (11c)



It can be seen in the figure that superior torsion stiffness of monobox-girder gives significantly bigger values for torsional parameter κ. Torsional parameter κ Figure 3. Relationships between torsional parameter κ and central angle Φ. Page
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1.3 Relationships between the stress ratio σω/σb and κ. The design of curved girder bridges is related to the dead and live loads. In this section the most severe loading conditions that will induce the largest bending stress σb and warping stress σω will be determined. These loading conditions can be idealized by a concentrated load P or the uniformly distributed load q, as shown in Fig. 4. For a concentrated load P and a uniform load q, the induced midspan bending moments Mx are:



or



(12)



The corresponding bimoments Mω can be obtained by solving Eqs. (1) and (2), which results in



or



(13)



in which the parameter κ = αΦ≥9. Next, the ratio of warping stress σω to bending stress σb, can be estimated. By applying values Ro/np = 1, Ixy = 0 and n = 1 in equations we get:



(14) where Y is the fiber distance and ω is the warping function of the cross section.



Figure 4. Load conditions to estimate bending stress σb and warping stress σω.



Figure 5. Idealized cross section for curved open I-girder bridges. Page
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The simple, two open-I-girder curved bridge idealized in Fig. 5 is studied. The cross section consists of two open I-shaped girders and a noncomposite slab. From Eq. (10a), the geometric moment of inertia Ix of a single curved girder is twice the value of the individual girder inertia IH; thus Ix = 2IH



(15)



The maximum fiber distance Y1 to point 1 located on the lower flange of the I girder, is (16) where h is the girder depth. The warping constant Iω of a single curved girder bridge can be calculated by utilizing Eq. (8), or



(17) where B is the spacing of the web plates. The warping function ω1, also at point 1, can be evaluated easily from the well-known formula



(18) Therefore, the ratio of Ixω/(IωY1) in Eq. (14) is equal to



(19) Now, denoting a new parameter



(20) and assuming that this parameter Ψ can be applied to twin-box and monobox curved girder bridges, we obtain a generalized form of Eq. (14):



(21) Numerical values for the parameter Ψ, given by Eq. (20), have been determined for actual bridges. This parameter can be related to the cross-sectional shape of curved girder and is categorized as follows: multiple-I girder



(22a) Page
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twin-box girder monobox girder



(22b) (22c)



Also, the maximum ratio of the span L to the girder width B, as indicated in Fig. 1, has the limitation



(23) This limitation is required because negative reactions will occur at the inner side of the supports, and thus the bearing shoes must be designed for uplift. 1.3 The critical torsional parameter κcr It is assumed that there is a critical value of the torsional parameter κcr at which the warping stress σω cannot be determined exactly. This value will occur between the twin-box and monobox curved firder configuration. Therefore, eo estimate the stress ratio, let ε (%) = 100σω/σb. Now assume that ψ = 2.5, which is the upper value for a twin-box section, as given in Eq. (22), and let L/B = 10, as shown in Eq. (23). The by applying Eq. (21).



(24) Setting



equal to various values gives the following ε values:



ε =



2.0% for



(25a)



3.1% for



(25b)



5.6% for



(25c)



If the analysis of the warping stress σω is not important in comparison with bending stress σb when ε 160 m
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