COMPOSITE BOX GIRDER BRIDGES
VO INTRODUCTION

({“;’ﬁm'PDS!le steel - concrete box girder bridges have been widely used tor medium span

= M to 100 m) bridge structures. Composite box girders offer an attractive form of
construction They are aesthetically pleasing and are composites of steel box girders and
concrete deck slab (Fig. 1) Apart from their pleasing forms, they have other economic
’d“"fmases over the familiar I-beam and plate girder structures. A composite box girder
Section has high torsional stiffness, which results in a greater lateral distribution of the
live load. Another advantage is the elimination of most of the wind and transverse
bracings The advantages of using composite box girders are given below.

Economic span length longer

Girder section can be erected by mobile crane

Tortional performance reduce bearing requirement

Due to tortionally stiff section, intermediate bracing can be avoided
Improved resi to aerodynami itati

Smooth lines on  the sides and below

Clean surfaces

Use of sections curved in plan

Sloping webs

oo e o e el ol

Painting surface is much less. Clear surfaces of boxes lead to fewer corrosion traps.
Access for internal inspection and maintenance is an important consideration in design.

A variety of cross-sectional geometries for the completed box structure is possible. The
number of girders may vary from two to six or more depending upon the plan geometry
of the structure. Typical cross sectional geometries are shown in Fig, 2. Support bearing
arrangements can be both single and double. The end support diaphragms can be deep or
shallow (see Fig. 3)

- 2.0 DESIGN PREMISE




both the classes, the box section could be either rectangular or trapezoidal  The bottom
flange width is narrower compared to the top flange. In elevation box section may have a
constant depth or they may be haunched. The soffit portion is usually curved for better
appearance. In plan, the box girders may be curved in order to suit the highway layout
Due _It;;heir high torsional properties, they are well suited where truly curved girders are
requir

3.0 BEHAVIOUR OF BOX GIRDER BRIDGES

'|'th most important feature of the box girder bridge is its large torsional stiffness by
virtue of the closed section. This has considerable effect on the global bending behaviour
of the system by way of sharing of the vertical shear in a more equitable manner between
the web planes. This further results in the even sharing of bending stress by the bottom
flange plate. Thus, box girders behave more efficiently compared o [ - beam structures,
Due to the even sharing of the load, there is less need to design for peak load effects,
which might oceur at any time on only one plate girder.

The choice of a box girder has its own problems. The use of wide thin panels for web and
flange sections is clearly less efficient than the more stocky I or plate girder section.
When more webs are introduced, the thinner web panels would need stiffening
arrangement. In spite of this, their limiting shear stress would have a lower value and
they may be less effective in bending. Compression flanges of the box sections may also
be not fully effective due to local buckling considerations. It may be noted here that plate
girder flanges are usually fully effective for the reason that compact sections are chosen

for plate girders. Panel slenderness effect which causes reduction in effective section

must also be considered in choosing a configuration.

Other notable effects that must be considered in the use of box girders are due to
distortion and warping. These effects can be minimised by proper internal sti
ioning of the cross-section. Another important effect s the shear lag in the case of

proportioning
wide flanges.
3.1 Bending, torsion and distortion

eccentric load applied to a box girder is a combination of
i torsion und'ﬁlnutlo uAilhﬁwnin:l-Tl_g.dm
eccentric ion of bending and.




The box girders are provided with bearings at supports. The number of bearings could be
One or two 1f two bea

Lo rings are provided, they are provided either directly under each web
Orinside the line of the webs. In order to resist the reaction forces on the bearings, the
Webs will have 10 be provided with bearing support stiffeners. Further, to resist the

Sistorional effeqs Caused due 1o ransmiting torsion from the box to the beaning
supports. diaphragms will also be required. If only a single bearing is provided. a
stiffened diaphragm will be required 1o resist the reaction as well as to distribute the force
1o the webs  Between the points of support, intermediate transverse web stiffeners may
PE provided 1o develop sufficient shear resistance in a thin web. Provision of
intermediate diaphragms would minimize distortional effects caused due to eccentrically
applied loads

3.2 Torsion and torsional warping

As mentioned previously, box girders are subjected to torsion. For a single box, the
lorquie is resisted by shear flow (force/unit length) which acts around the walls of the box
is shear flow is constant around the box and is given by g=17724, where T is the torque
‘and A is the area enclosed by the box. The shear flow induces shear stresses and strains
1n the walls of the box and causes a twist per unit length, 6, given by
)ik
GJ
Where, J = torsion constant

However, pure torsion of a thin walled section will also produce warping of the cross
section if the section does not have sufficient symmetry,

For example, consider a rectangular box section of width and depth B and D respectively
and flange and web thickness, t and tw, subjected to torsion  The shear flow under a
torque T is given as q = T/2BD.

The shear stress in the flange (Fig 6) is given by tr=q/ty="T/2BD1, .

If viewed from top, it can be scen that each flange is sheared into a parallelogram, with a
shear angle, ¢ = /G

Assuming the end section to remain plane, the re
Aty . - woule at




the end sections are to remain plane, TL / BD® GT; =TL / B'DGtw, i.e, Dty =Btw_This is
the condition for the end sections to remain plane. If the condition is not met, there will
be a slight counter rotation in the planes of the two fanges and the webs and a resulting
warping of the section (Fig 7)

For a box supported and torsionally restrained at both ends and subjected to applied
torque in the middle, warping is fully restrained in the middle by virtue of symmetry and
torsional warping stresses are generated. For continuous box sections, intermediate
supports are torsionally restrained. The warping restraint introduces longitudinal warping
stresses and associated shear stresses, just like the effects of bending in each wall of the
box. The shear stresses modify the uniformity of shear stress calculated by pure torsion
theory, reducing the stress near the comers and increasing in mid-panel Since the
combined effects occur at the comers, the warping shear stresses are ignored and a
uniform distribution is used. The longitudinal stresses are maximum at the comers. They
should be accounted for when considering the occurrence of yield stresses in service and
the stress range under fatigue loading. However, there is no reduction in torsional
resistance due to yielding as the longitudinal stresses do not contribute in carrying
torsion. In other words, a little yielding is acceptable at the Ultimate Limit State (ULS)
and torsional warping stresses need not be considered in ULS checks.

3.3 Distortion

When torsion is applied directly around the perimeter of a box section by forces equal to
the shear flow in each side, the cross section does not change its shape. In case torsion is
not applied in this manner, provision of a diaphragm or stiff: frame would ensure that the
section remains square and the torque is applied as a shear flow around the perimeter.
The diaphragm or frame is then subjected to distortional forces (Fig. 5 ). In practice,
such diaphragms and frames can be provided only at discrete locations such as supports
and points of heavy load application. In the case of a beam where point load can occur
anywhere along the length, the distortional effects must be carried by other means. The
occurrence of distortion and the manner in which it is carried between effective restraint
can be explained using a simply supported box with diaphragm only at the supports and
subjected to a point load over onc web at mid span. In the absence of any trar !
‘moment continuity at the corners, the cross section will distort (Fig.8 ). Each side

‘box will bend in its own plane and since the sides remain connected along t
edges, the cross section changes shape as shown in the figure.

The in




“Ifthere is no intermediate cross-frame and there is transverse moment continuity at the
comers, the box walls are subject to the same sway deflection (Fig. 9 ), but the bending
now takes place in the walls of the box. The bending of the cross-frames and the walls of
the box, due 10 distortional forces produce transverse distortional bending stresses in the
box section. The distortional behaviour depends on the interaction between two sorts of
behaviour wasping and transverse distortional bending. This behaviour has been found
10 be analogous to that of Beam on an Elastic Foundation (BEF). Here, the beam
stiffness represent the warping resistance and the elastic foundation represents the

ransverse distortional bending resistance. The BEF model is the basis for the rules in
Appendix B of BS 5400 part 3

When a concentrated load is applied eccentrically to a box section, the distortional effects
e maximum at the vicinity of the point of load application. The decay of the
distorticnal effects away from 1:c point of applicatica zan be studied by considering the
BEF analogy for a load in the middle of a simply supported box girder with diaphragms
only at the supports. This is depicted in Fig. 10. Warping stresses correspond to bending
of the beam and distortional bending stresses to the displacement of the foundation The
rate of decrease depends on the relative magnitudes of longitudinal bending and warping

resistances and on the length of the beam.

The provision of intermediate diaphragms in the box girder can be represented in the BEF
+ analogy by the addition of discrete springs. The i di ints are considered as

flexible springs and the BEF model can be analyzed. A modified response using flexible
. festraints is shown in Fig. 11

3.4 Stiffened compression Manges

The wide flanges used in box girders are vulnerable to buckling under compression and
they may need to be stiffencd to carry the required load. To increase the load resistance
of long compression panels, longitudinal stiffeners are introduced which restrict the width
‘of the individual panels.

These stiffeners carry load in compression and they in turn need to be restrained against
‘out of the plane of panel The restraint is provided by i "
eams or In very wide and flanges




ACTOSS at any cross section. Actually, however, the panel acquires its tensile stresses from
shear stresses on its edges transferred tolit by the webs, The distribution of tensile stress
across the width will not be uniform (Fig 12); but higher at the edges than at the middle
This departure from the uniformity assumed by the elementary theory is known as ‘shear
lag' since it is due to a shear deformation in the panels

In box girders, wide steel flanges and the deck slab are susceptible to shear lag,
particularly at the supports. This can be neglected at ULS, but must be considered for
fatigue behaviour. Though exact calculation of shear lag is complex, simple relationships
for standard cases are quite adequate for normal purposes.

3.6 Support of box girders

‘The support arangements of a bridge should be able to carry the twisting moment caused
by any eccentric disposition of traffic loading. Plate girder bridges are tortionaly flexible
and weak, hence they must be provided with at least two bearings at the support. For box
girders only one bearing needs to. be provided at intermediate supports and twin bearings
at the end support o carry the tortional forces, Where there is significant plan curvature,
single bearing may be sufficient as the curvature itself generates tortional restraints.

4.0 INITIAL DESIGN

4.1 General

In the initial design stage, the selection of structural arrangement and member sizes is
covered after the layout of the highway has been finalized. Highway bridges are usually.
designed to camry a combination of uniformly distributed loading and loading from an
abnormal heavy vehicle. These loads, together with other secondary loads, are specified
in codes, The step-by step procedure for detailed design of box girder bridges i
Appendix 1 Steps for detailed design of various components of the structure
Appendix I1 - XV

4.2 Choice of a box girder form

es, box girders




% The shape of the box - trapezoidal or rectangular
“  Closed or open steel section

*  With or without cross girders

Three examples of typical cross-sections generally used in practice are given in Figs 13-
15. In Fig. 13, the section provides a line support and the slab span is Gﬂ'ﬁa_lwl}" that of
an ordinary plate girder. In Fig 14, a wider box is used with wider spacing between
boxes. Thick slab (300 mm), tortional restraint of the box and the stiffened steel top
flange, all go 10 increase the spacing between the boxes.

InFig 15, the open steel box s widened to create approximately equal spans for the slab.
With trapezoidal section, the inclined webs reduce the width of the bottom flange and, for
2 given area increase its thickness. Thus the flange becomes more fully effective. For
longer spans, narrow rectangular box girders can b used. Rectangular secticns are suited
0 wide decks. Haunched boxes are easily arranged with rectangular sections. For wide
boxes, crossbeams may also be provided.

4.4 Section depth

Typically, the depth of the box girder may be assumed between 1/20 and 1/25 of the
major span Shallower section would'result in grester weight. Variable depth sections
can be easily achieved for rectangular section. If a curved soffit is used, internal
transverse flange stiffeners would be required to resist the radial component of force.

4.5 Initial selection of flange and web sizes

HugemmﬁmdquunmcmnﬁmofmeMMMWw
be carried. At ﬁm.nwmeeeimmiwsedmdmmpm&-uﬁmphﬁﬂm
mode! and that model is used to give 2 better indication of the distribution of
moment. Dead load effects constitute 2 small proportion of the total design load effects.
A concrete deck slab of 250 mm thickness and surfacing of 120 mm can be assumed.

Steel dead load can be assumed between 150 Kg/m” and 500 Kg/m®. Live load depends
on the number of lanes of traffic. which are carried. Footways should also be ;
For approximal dywnmmmwlwlyqﬂm

 moments can be based on moments in a fixed-ended beam. Total




availability of steel plate and sections may be obtained during the initial design stage
For economy, it is best to standardize on as few plate sizes as possible

4.6 Economic and practical consideration

The initial design - the configuration in section and elevation - takes proper account of
the particular features of box girders, their construction, performance and maintenance. A
£00d knowledge of how the box is constructed is essential. The flanges and webs will be
fitted with stiffeners before they are assembled. Cross-frames or diaphragms will be
needed at this stage to ensure that the cross section is held in shape during welding.
Closed trapezoidal boxes are usually assembled in inverted position and the bottom
flanges added last. Internal welding after closure is usually necessary - support
diaphragm at least must be welded all round. Joints between flanges and webs are easier
to make as fillet weld The assembled box should be ‘of ‘appropriate size to fit
transportation on public road. Open boxes will require plan bracing on the open side, to
provide tortional stiffness during construction. Fitting and welding of stiffeners is
expensive and it is often cheaper to use a thicker plate with less stiffening. Stiffened
diaphragm can be very expensive to fabricate. Thick unstiffened diaphragms can even be
considered for small boxes. Bolted splices are quicker to make on site. The diaphragm
details, stiffeners and man hole sizes / positions may affect the box section size. Access
for internal inspection and maintenance is an important consideration in design. Provision
of access holes in the web or bottom flange at intermediate positions may be necessary.
Internal drainage should also be considered. The main advantage of composite box
girder over prestressed concrete box girder is the speed and ease of construction.

5.0 CONCLUSION

In this chapter, a brief introduction on box girder bridges is presented. The advantages of
box girder bridges over the common plate girder type bridges are explained. The
behaviour of box girder bridges is cxplained in detail. Some guidelines for the
preliminary design of box girder bridges have also been included.
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Fig 8 Distortion of unstiffened box ( pinned corners )




Displacement / distortion

Bending moment / warping

Fig. 10 Beam on elastic foundation analogy

Displacement / distortion










ure for the design of  bor girder bridge

design and develop structural configuration

gross cross section properties

analysis of the design and arrive at worst effects at critical locations

‘ lmmm:y:bummaunmsmmmm
alvsis Warping stresses are obtained from analysis of di:




Appendix 11l
Ultimate limit state design of box section beams with longitudinal stiffeners

I Determine cffective scetion allowing for Lolca slender webs and slender compression flanges

2. Caleulate stresses through beam section using moments, shears and forsion from global
analysis, Warping stresses from analysis of distortional effects

3. Check whether the flange stresses < limiti If 'no', redesign; if 'yes', check web
panel as in the next step

4. For cach web panel calculate equivalent stress in web panel

5. Determine restraint conditions around edges of web pancl. Caleulate buckling cocfficicnts
and ratios (k and m)

6. Check if equivalent stress < o, and interaction ratio < 1.0

7. In step 6, if the inequality is not satisfied, redistribute up to 60% of web load (1= 0.4 1. ) and
£0 to step 2. If the inequality is positive, proceed to next step

8. Check longitudinal stiffeners to each web panel: calculate effective stiffencr section and
h, oy, Caleul iffener stress, o, at 0.4 a from end.

9 Check if 0.< 6, If 'no’, redesign longitudinal stiffeners; if 'ves', design is satisfactory.

Appendix IV
Ultimate limit state design of cross frames and distortional effects

1. Cross frames can be cither ning cross ﬁmuorbmead:ms!ﬁ'lmu

2. mﬁocmofmgmﬁwnesdﬂmmeﬂ'mmoﬂﬂpﬂmufﬁemm In
the case of braced cross frames, determine effective sections of web and flange
 acting with cross members

3. Determine torsion applicd over length equal to half the spacing either side of the cross frame.
4. Check strength of all parts of the cross frame. .

. Check if resistance > load effccts. If 'no, redesign; procced 1o
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Ap;lmmx V
Ultimate limit state design of transverse web stiffeners

! Determing cffctive section of diaphragm/web Iumo'l
2. Determing axial loads and out-of-web moments
3 Calculate stresses in web and stiffence

4 If maximum stresses < a,,, red

§.1f maximum stresses > 6y, check restraint provided by honzontal stiffeners 15 'ves' take |, =
distance between effective stiffencrs; if ‘o' take 1, = length of junction

6. Check if buckling capacity is adoquate. If 'yes!, the design is saisfactory . if ‘o’ redesign

Appendix VI
Utinate limit state design of intermediate stiffeners

I Determine effective section of stiffencr and web
2. Determine loading on stiffencr

3. Caleulate stresscs in stiffencr and web

4. Check if 0, < 0y and 0 < a5,

5. Ifthe check in step 4 is o', redesign

6. lf&echwkmﬁ@4uw.d:mk£bmmmsljssen[fm recosign; if the cheek
is 'yes', check the buckling capacity.

7. If the buckling capacity is adequate, the design is satisfactory: if 'no’, redesign
P

Ultimate limit state design of unstiffencd support diaphragms

1. Dotermine effective vertical sections at eritical positions across tho diaphragm




Appendix VIIT
Ultimate limit state design of stilfened support diaphragms - diaphragm stiffencrs
1 Determine effective section of diaphragm stiffeners

2. Calculate vertical stresses in bearing stiffeners

3. Determine stresses due to action with plate panels
4, Calculate bending stresses in bearing stiffeners
5. Check for yielding of diaphragm stiffeners

6. Check for buckling of diaphragm stiffeners

7. Check if resistance > load effects. If' 'yes', the design is satisfactory; if 'no', redesign

Appendix IX
Ultimate Limit State of plate panels

1. Determine effective vertical sections at critical positions across the diaphragm

2. Caleulate vertical stresses including. those within the effective section of a bearing
stiffener

s

- Calculate horizontal stresses in plate panels

&

Calculate shear stresses in plate panels

w

- Calculate for yielding of diaphragm plate
6. Calculate for buckling of diaphragm plate

7. Check if resistance = load efficts. I 'yes!, the design issaisfactory if no’, redesign




5. Check if resistance load effects. If ‘yes', the design is satisfactory; if 'no’, redesign
Appendix X1

Serviceability limit state of deck slab

I Determine maximum stresses in concrete or reinforcement due to global bending

2. Determine the stresses due to local bending

3. For concrete in compression, check if stresses < limiting stresses. If'no', redesign

4. For reinforcement in tension calculate crack width

3. Check if crack width < limiting crack width . If 'no', redesign; if 'yes!, the design is
satisfactory

Appendix XiI
Ultimate limit state for shear connection

1. Calculate shear flow at positions of highest Serviceability Limit State shear flow

2. Select transverse reinforcement to carry shear load
3. The design is sarisfactory

Appendix XIIT
Serviceability Limit State for shear connection

1. Calculate shear flow at support, 1/4 L and mid span
2. Determine nominal strength of connectors
3. Select shear connector spacing 1o provide design resistance
Check for fatgue
4 Calculate maximum and minimum load on connectors for fatigue vehicle
$  Determine stress range at weld to connector, o,




Appendix X1V
Ultimate Limit State for bolted splices

I Determine load in tensile and compressive regions

2. Select bolts and spacing

Cheek for bolts
1. Caleulate force per bolt for ULS stress distribution through beam section
2. Check if force < friction capacity and force < shear and bearing capacity
3. Ifit is 'no'in step 2, redesign; if 'yes!, check tensile areas of beams
4. Determine effective section through bolt holes

5. Checl if stress < limiting stress. If 'no’, redesign; If'yes', proceed to step 6

Check for covers

6. Calculate stresses in cover plate

7. Check if cover plate stresses < limiting stress. If 'no’, redesign; if 'yes| design is
satisfactory rm

Appendix XV
W@umnmumrwmﬂm

1. Check if bolts bear at ULS




