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ABSTRACT  

This thesis concentrates on outstanding elastic 

problems in box girder bridge structures, in particular 

that of cross-sectional distortion and its effect on 

_load distribution and transverse stress levels at the 

serviceability limit. 

The beam on elastic foundation analogy for the 

analysis of box girders under distortional loading has 

been developed for straight, right supported, single cell 

structures by others. Additional verification in the 

form of comparisons with finite element and model analysis 

is given. The method is extended to continuous curved 

single cell box girders and validated by comparisons with 

finite element and model analysis. 

A new approach, based on the combination of grillage 

and BEF analogy methods, is proposed to account for the 

effects of cross-sectional deformation in multibox struct-

ures. The approach, though approximate, is sufficiently 

accurate for design and results in considerable savings 

in computer costs. The method is shown to provide good 

agreement with finite element results. 

The grillage-BEF method is applied to a model of a 

skew supported twin box structure in which distortional 

effects are accentuated by the skew. A study of several 
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diaphragming arrangements leads to recommendations as to 

the most efficient deployment of diaphragms in skew 

supported situations. 

Extensive tests are reported on a series of small 

scale elastic models of bifurcated elevated highway 

structures with complex plan and cross sectional geometry. 

The three alternative forms of construction simulated are: 

(i) Concrete spine box beam construction 

(ii) Concrete multicellular box construction 

(iii) Composite steel-concrete multibox construction. 

Test results are analysed with particular attention 

given to the distribution of longitudinal and transverse 

stresses, distortion of the cross section, secondary 

warping, internal diaphragm behaviour and deflections. 

The composite multibox model provides a rigorous test for 

the grillage-BEF method. 

Finally the results of a parametric study on the 

effects of distortion in steel box girders undertaken for 

the Merrison Committee are reported. Recommendations for 

design to account for such effects are included and 

particular attention is given to the positioning and 

proportioning of diaphragms. 

• 
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CHAPTER 1: INTRODUCTION 

1.1 GENERAL 

It has been estimated(1) that £1,000m will be spent on 

the construction of elevated highways during the present 

decade, a large proportion of the structures being built 

in urban areas. The general requirements for elevated 

highway structures in urban areas are as follows: 

(i) Flexibility in the positioning of supports, 

(ii) Adaptability to changes in plan geometry to 

cope with small radius curves, bifurcations, 

carriageway widening, intersections, etc., 

(iii) Speed of erection, 

(iv) Aesthetic acceptability, 

(v) Shallow depth of construction, especially at 

multilevel interchanges, 

(vi) Adaptability to modification as traffic densities 

change, 

(vii) Ease of maintenance, 

(viii) Economy. 

The structural form which is best suited to meet these 

requirements is the box girder, the advantages of which stem 

from the high torsional stiffness of the closed section. 

This ensures good transverse distribution of eccentric 

forces (from both superimposed loading and irregularly 

positioned support reactions) such that efficient use is 
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made of the complete cross section with consequential savings 

in materials, and reduced depth of construction. Torsional 

forces may be carried by the boxes over several spans with 

simplified intermediate piers carrying only axial forces, 

and the box girder is ideally suited for situations in which 

additional torsional forces occur due to curvature in plan, 

bifurcations and intersections. The box's clean lines 

satisfy aesthetic criteria and make for ease of maintenance, 

and steel boxes in particular are suited to cases where 

speed of erection is essential. 

Although the recent failures of steel boxes (Danube 1969, 

Milford Haven and Lower Yarra 1970, and Koblenz 1971) have 

highlighted the need for a greater understanding of tne non-

linear behaviour of plate components of the box particularly 

under erection conditions, the large number of box girder 

structures currently in the design stage and under construc-

tion confirms the continuing popularity of this form of 

construction for medium and long span bridges. 

The global analysis of box girders is at present 

accomplished on the basis of elastic theory and then, in 

the case of a steel box, plate panels and stiffening are 

proportioned to preclude instability. Global ultimate 

load analysis methods nave not been developed because the 

performance of the present generation of computers is such 

that the costs of these analyses would be prohibitive. 

Even when the development of computer hardware makes 

ultimate load analysis possible, elastic methods will still 

be necessary for consideration of the various unservice-

ability limit states of stress, fatigue, crack widths, 
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vibration and deflection. This thesis concentrates on 

outstanding linear elastic problems which have immediate 

relevance to design with special attention given to those 

aspects of the behaviour peculiar to box sections, and 

particularly the effects of deformation of the cross 

section and their influence on load distribution. 

Before discussing the programme of research in detail 

it is necessary to give a brief description of the elastic 

structural response of the box girder to arbitrary loading 

(Section 1.2) and also to review the various available 

analytical techniques (Section 1.3). 
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1.2 THE ELASTIC STRUCTURAL BEHAVIOUR OF BOX GIRDERS 

SUBJECTED TO ECCENTRIC LOADING 

Loads applied to the bridge deck are transferred to 

the webs of the box girder by flexure. This flexure of 

the deck induces transverse bending stresses in the walls 

of the box girder but, provided these stresses are accounted 

for in the final analysis of the transverse bending effects, 

loads applied to the deck may be replaced by forces at the 

intersection of deck and web. 

Consider a box of square cross section and uniform 

wall thickness, simply supported, and loaded eccentrically 

over one web by a point load at midspan. The eccentric 

load may be separated into three components (Figure 1) 

which are referred to as the bending, torsional and 

distortional components. Each of these components may be 

assumed to cause only the phenomenon suggested by its 

title and is treated independently. This assumption is 

not strictly correct for the majority of sections as there 

is some interaction between the torsional and distortional 

components of loading as will be described later. However, 

the effects of this interaction are small and have been 

shown to be negligible for the practical range of medium 

span bridge structures.(2,3)  

The bending component of the loading produces bending 

moments and shears which may be treated by simple bending 

theory. 

4 
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The torsional component of loading produces shears 

which twist the box. If the deformations due to twisting 

and shearing of the individual plates are not compatible 

with a rigid body rotation of the cross section, rigid 

body rotations of the individual plates in their own 

planes are required to satisfy compatibility of displace-

ments at the box corners (Figure 2). These rigid body 

rotations of the plates result in longitudinal warping 

displacements and, where restraint of warping occurs, for 

example at positions of applied loading or diaphragms 

with high out-of-plane stiffness, longitudinal restrained 

warping stresses, a
TW' 

 result (Figure 3). For certain 

sections where the product of the wall thickness at any 

point and the perpendicular from the centre of rotation 

to the tangent at that point is constant at every point 

on the box wall, rigid body rotations of the plates are 

not necessary to provide compatibility of corner displace-

ments and warping does not take place. These sections are 

described as 'warpless' sections and one such example is 

the square box with uniform wall thickness. Warping 

stresses are self equilibrating and therefore subject 

to the Principle of St. Venant which states that the 

strains which are produced in a body by the application 

to a small part of its surface of a system of forces 

statically equivalent to zero force and zero' couple 

are of negligible magnitude at distances which are large 
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compared with the linear dimensions of the part. Where 

the magnitudes of warping stresses are changing in the 

longitudinal directions, in-plane shears are produced in 

the box walls which are also self equilibrating_ and of 

a distortional form. These second order shears produce 

the interaction of the torsional and distortional 

components of loading referred to above. 

The distortional component of loading shown in 

Figure 1.1 may be replaced by forces acting at the box 

corners and the resultants of these forces act along the 

diagonals of the box producing racking of the cross 

section (Figure 4). Transverse bending moments are 

produced by the frame action of the box and transverse 

distortional bending stresses, a
DB' 

 result (Figure 5). 
-  

Where the degree of distortion changes along the length 

of the box due to variations in distortional loading, 

in-plane bending of the walls takes place in such a way 

as to cause warping of the cross section and longitudinal 

distortional warping stresses, aim, (Figure 5). Distortional 

in-plane shears are associated with changes of distortional 

warping stresses in the longitudinal direction. Distor-

tional warping stresses may occur in boxes of any cross 

sectional dimensions including the torsional 'warpless' 

sections described above. 

The components of eccentric vertical loading on 

'rectangular and trapezoidal boxes are shown in Figure 6 
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together with the equivalent distortional loading for 

horizontally applied eccentric loading. 
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1.3 METHODS FOR THE ANALYSIS OF BOX GIRDERS SUBJECTED TO 

ECCENTRIC LOADING 

Box girder bridge structures can be divided into four 

main types: 

(i) Single cell boxes with rigid cross-section, 

(ii) Single cell boxes with deformable cross-section, 

(iii) Multicell or multibox structures with rigid cross-

section, 

(iv) Multicell or multibox structures with deformable 

cross-section. 

The term 'multicell' is used to describe cross sections 

having several cells connected by continuous top and bottom 

flanges, and 'multibox' is used to describe cross sections 

having several separate cells connected by a continuous 

top flange only. 

1.3.1 Single cell box girders with rigid cross-section 

Maisel(4)  lists 299 publications related to the 

analysis and design of thin-walled beams. Of these, 63 

consider the elastic analysis of thin-walled beams of 

rigid cross-section, including the effects of torsion and 

restrained warping, and the analysis of such beams has 

been adeguateIYI summarized by Kolbrunner and Basler(5) 

Providing the interaction between the torsional and 

distortional components of the loading can be neglected, 

q 

4 
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analysis methods for box girders of rigid cross-section 

may also be used to calculate the response of box girders 

of deformable cross-section to the torsional component of 

the loading. 

1.3.2. Single cell box girders with deformable cross-section  

Much literature in the field of aircraft structures 

is devoted to the problem of distortion of the cross 

section. Richmond
(6) has devloped the early work of 

Reissner(7) and Ebner(8)  in a form suitable for rectangular 

bridge structures. The box is represented by four long-

tudinal booms and four walls. It is assumed that the 

booms carry longitudinal bending forces only and the walls 

carry only shearing forces. The frame stiffness of the 

box is neglected and distortional loading is resisted only 

by diaphragms. An expression relating the internal 

forces in a cell to the displacements at the end of the 

cell is derived. By ensuring equilibrium at diaphragms 

an expression relating external loads (applied only at 

diaphragm positions) to the internal forces is found. 

These two steps are repeated for each cell and diaphragm 

respectively' and together give a set of linear simultaneous 

equations which can be solved for the displacements. 

Dalton and Richmond(9) have extended this approach to 

trapezoidal boxes and Kuhn
(10) describes a flexibility 
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solution for a similar idealisation. Moya
(11) 

develops 

the displacement solution for curved single cell box 

girders. 

Vlasov( .
12) 
 draws the analogy between the differential 

equation describing the response of a box girder to the 

distortional component of the loading and that of the beam 

on elastic foundation (BEF). Wright, Abdel-Samad and 

Robinson
(13) 

develop the analogy for single cell box 

girders with longitudinally and transversely stiffened 

plates. This method considers both the distortional 

stiffness of the box walls and that of intermediate 

diaphragms or cross bracing. Non-dimensional curves are 

presented which provide the maximum distortional stresses 

for boxes with regularly spaced interior diaphragms 

subjected to concentrated loading at mid-panel. The 

author has presented similar curves for uniformly 

distributed loading
(14) 

which are more relevant to British 

Standard Highway loading
(15) 

Richmond
(16) 

has derived the more general differential 

equation for the box girder subjected to both torsional 

and distortional components of loading and he describes 

its solution for simplified boundary conditions and loading. 

Dabrowski
(17) 

presents a differential equation for a box 

girder curved in plan subjected to distortional loading 

which includes additional terms due to distortional forces 

caused by longitudinal bending moments..  
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Folded plate analysis has been developed by Scordelis 

for box girder bridges
(18). The method is restricted to 

structures simply supported at their extreme ends with 

plates of constant thickness and boxes of constant cross 

sectional dimensions. In certain cases difficulty can 

be experienced with concentrated loading conditions because 

of the poor convergence of the harmonic series used in 

the analysis. 

The most general analysis method available to the 

engineer is the finite element (FE) method
(19)

. Special 

features encountered in practical box girders such as 

varying cross sectional properties, longitudinal and 

transverse stiffening, random spacing of diaphragming 

and supports and complicated loading combinations may all 

be accounted for. The development of new elements 

specifically for box girder analysis
(20,21,22) 

has led 

to a reduction in the number of elements necessary to 

accurately describe the structure with consequent savings 

in data preparation and computer costs. However, the 

high computer costs involved with the use of large finite 

element systems has, in general, restricted their use to 

the more complicated structure. Various hybrid methods 

such as the finite segment method
(18) 

and the finite 

strip method
(23) 

have been developed in an attempt to 

reduce computational costs but this is only achieved 

with a sacrifice in generality. 
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1.3.3 Multicell and multibox structures with rigid cross  

sections  

A number of the publications reviewed by Maisel
(4) 

consider the torsion of multicell structures with rigid 

cross section. The work of Benscoter
(24) 

deserves 

particular mention for the approximate solution given 

for non-uniform multicell boxes with arbitrary cross-

sectional shape, loading and end conditions. The solution 

is in a form particularly suitable for design. 

Grillage programs are extensively used by designers 

for the analysis of multibox systems assuming the box 

girders themselves have rigid cross sections. Sawko and . 

Mosley
(25) describe various grillage idealisations which 

replace the longitudinal boxes by either one member on 

the centre line or two members along the web lines. Stiff 

stub members may be used in the transverse direction across 

the width of the box so that the slab between boxes is of 

the correct stiffness and span. 

Tung
(26) proposes a method for the analysis of curved 

twin box girder bridges with boxes of rigid cross section. 

flint-inn ig given in terms of Fourier series and a 

simplified solution is also provided for straight bridges 

Hayward
(27) has produced curves which enable the 

load distribution in straight twin box structures to be 

determined and comparisons with grillage results show good 

agreement. 
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1.3.4 Multicell or multibox structures with deformable  

cross sections  

Several of the more general methods described in 

Section 1.3.2. for single cell box girders are also applic- 

able to multicell and multibox bridges with deformable 

cross sections. The finite element method has been • 

extensively used for the analysis of multicell structures (28-31) 

and the method has been applied to several multibox 

bridges at Imperial College
(3,32,33) using the Imperial 

College Structural Analysis System (ICSAS)(34)  

Few publications refer specifically to the problem 

of distortion of the cross section in multicell and multi- 

box girders. Dalton and Richmond(9) have analysed a 

twin cell box using their displacement solution. Wright
(35) 

proposes a simple distribution method for both multicell 

and multibox sections such that the distortional loading 

is found for each cell which is then treated independently 

using the BEF method for single cell boxes. This procedure 

has been shown to lead to very conservative results in 

some cases. 

Mattock
(36) examined the distortional stresses in 

a range of unstiffened, open-topped, composite multibox 

bridges using folded plate analysis. The results of this 

analysis were used to formulate a conservative design 

specification
(37) which precludes the need' for calculation 

of distortional stresses in certain ranges of cross sectional 

geometry. 
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1.4 OBJECTS OF THE THESIS 

The effects of distortion of the cross section in 

box girders subjected to eccentric loading have been 

described in Section 1.2. The use of numerical techniques 

such as finite element and folded plate computer programs 

has made possible the accurate assessment of such effects. 

'However, these methods are generally expensive and can be 

used indiscriminately without a physical understanding of 

the structural action. In such cases the analyst may not 

recognise the significant values in the mass of computer 

output. Therefore, a need exists for simple analysis 

methods in which the effects on the distortional behaviour.  

of altering the various parameters are immediately obvious. 

The analysis methods described in Section 1.3 have 

varying degrees of verification and claimed applicability. 

What little published experimental data there is mainly 

describes ad hoc testing undertaken to assess the adequacy 

of specific designs and is of limited use for comparison 

with analytical techniques. 

The research described in this thesis was undertaken 

to fulfil the need for additional theoretical and experi-

mental information about the elastic behaviour of elevated 

highway box girder structures. The general objectives of 

the research were therefore: 



29 

1. To develop an approximate analysis method for box 

girder structures with the generality necessary 

to cope with the complex geometry of modern 

elevated highways while retaining a degree of 

accuracy sufficient for design. 

2. To provide comprehensive experimental data against 

which the approximate approach derived within this 

thesis and any other existing or future elastic 

analysis methods could be checked and also to 

elucidate aspects of the behaviour not directly 

apparent from current theoretical treatments. 

3. To examine the elastic behaviour of box girder 

structures, in particular the effects of deforma-

tion of the cross section in multibox structures, 

and provide guidance on the design of box girders 

to account for such effects. 
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1.5 PRESENTATION OF THE THESIS 

In Chapter 2 the BEF method for straight single cell 

boxes is reviewed. Additional verification is given and 

the method is extended to continuous curved girders. A 

parametric study of single cell box girders is presented. 

The BEF method together with the use of grillage 

programs forms the basis of a simplified method for the 

analysis of multibox systems. The method is presented 

and compared with finite element analyses of a range of 

practical bridge structures in Chapter 3. 

The problem of cross-sectional distortion is magnified 

in skew box structures. Chapter 4 describes the application 

of the BEF-grillage method to a skew supported twin box 

structure and compares the analysis with finite element 

and model test results. A study is made to determine. the 

most efficient diaphragming arrangements for skew situations. 

Chapter 5_describes an extensive series of tests on 

models of elevated highways of complex geometry. One of 

the models simulates composite multibox construction and 

provides a rigorous test for the method proposed in Chapter 3. 

The three models simalate Various forms of box girder 

construction as follows: 

(i) Concrete spine beam construction, 

(ii) Concrete multicellular construction, 

(iii) Composite multibox construction. 

The elastic behaviour of these models is discussed in 

Chapter 6. 

The' concluding chapter includes a section describing 

recommendations for design to account for distortion of the 
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cross section with particular reference to the code of 

practice used in the United States(37)  and also the new 

(38) British Interim Design Rules 	. 
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CHAPTER 2: SINGLE CELL BOX GIRDERS  

2.1 GENERAL 

The BEF analogy proposed by Wright et a1
(13) 

is 

reviewed in Section 2.2 and additional formulae are derived 

for Vee and inverted Vee type bracing. Further validation 

for the-method in its application to single cell boxes is 

provided in Section 2.3 by comparison with model test 

results and finite element analyses. 

Dabrowski's work on simply supported curved girders
(17) 

is used as a basis for extending Wright's formulation -of 

the BEF analogy to account for the behaviour of continuous 

curved girders in Section 2.4. 

In Section 2.5 the BEF method is used to study the 

effects of altering the various distortional parameters on 

the behaviour of a wide range of practical single cell 

steel and concrete box girders. 
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2.2 THE BEAM ON ELASTIC FOUNDATIONS (BEF) ANALOGY 

2.2.1 The Differential Equation  

The differential equation describing the response of 

a box girder of deformable cross section to the distortional 

component of loading is 

4

• 	

W + KW = p(x) 	  (2.1) 

DX
4 

where 	E is Young's modulus 

I is a cross sectional property related 
w 

to warping 

W is the measure of distortion shown in 

Figure 5 

K is the distortional stiffness of the box 

p is the applied distortional loading. 

The derivation of this equation and the assumptions 

necessary to the derivation are given in Appendix A. 

The differential equation describing the deflection W 

of a beam of inertia Ib 
on a Winkler type elastic foundation 

(in which the reaction forces of the foundation are propor-

tional at every point to the deflection of the beam at that 

point) of foundation modulus k loaded by distributed loading 

is 

EI
b
3
4
W + kW = p(x) 	  (2.2) 

Dx
4 
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The similarity of this equation to Equation 2.1 is 

evident and a direct analogy exists between the physical 

Droperties of the box and those of the BEF. 

For convenience in treating standard bridge loading 

which is normally vertical Wright et al(13) developed the 

analogy with reference to the antisymmetrical component 

of the loading shown in Figure 1, but only the response to 

the distortional component of this loading is considered 

in the analysis. Also the differential equation is 

expressed in terms of a vertical deflection W at the top 

of the box web. This deflection is not strictly vertical 

but is directly proportional to the change in length of 

the diagonal of the box.' The direction of W is influenced 

by the way in which the box is supported and the flexibility 

of support diaphragms. It is possible to envisage a situa-

tion where the distortion takes place only in the horizontal 

direction (for instance at the support section of a box 

with no support diaphragm), and perhaps a more concise treat-

ment would have been to derive the differential equation in 

terms of the basic distortional deflection (the change in 

length of the diagonal) with respect to the distortional 

component of the loading. However for the sake of consis-

tency Wright's formulation will be adhered to in this 

thesis. 

The physical analogy between the box girder and the 
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BEF is summarised in Figure 7. The BEF deflection is 

proportional to the distortional deflection of the box 

cell and hence to arli3; the BEF bending moment is 

proportional to the box warping moment and hence aDW. 

Concentrated loads on the BEF correspond to concentrated 

antisymmetrical loads on the box and distributed BEF 

loading corresponds to distributed antisymmetrical loading 

on the box. The distortional or frame stiffness K of the 

box is analogous to the foundation modulus k of the BEF 

and the warping property Iw  is analogous to the BEF inertia 

Ib. Diaphragms or cross bracing are analogous to point 

supports to the BEF. Diaphragms rigid in shear but free 

to warp correspond to pinned supports, diaphragms rigid 

in shear and warping correspond to encastre supports, 

diaphragms flexible in shear and free to warp correspond 

to vertical elastic supports and diaphragms flexible in 

shear and warping correspond to both vertical and rotational 

elastic supports. 

Equations for distortional and warping stiffnesses 

are presented in Reference 13 together with diaphragm and 

bracing stiffnesses and the derivation of these is presented 

in Appendix B. Additional stiffness equations for V and 

inverted V type bracing are also derived in Appendix B. 

The formulae for diaphragm stiffnesses are summarised in 

Table 1. 
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Having calculated the properties of the analogous 

(39) 
BEF, solution is required for Equation 2.2. Hetenyi 

describes the solution for a range of cases. Solutions 

to more difficult problems such as beams with irregularly 

spaced diaphragms, changes. in section, or complex loading, 

may be obtained by numerical procedures such as finite 

difference or finite element methods. These solution 

methods are well established and therefore it is unnecessary 

to give detailed descriptions in this thesis. 

2.2.2 Calculation of stresses uDB 
and a

DW 

The BEF solution is obtained in terms of deflections 

and moments. The relationships between these quantities 

and a
DB 

and aDW are given by the following expressions 

°DB 
= KF

d
W 	  (2.3) 

where 	K is the distortional stiffness 

W is the BEF deflection 

Fd _ 
b
B
V at the bottom of the box 

2S 

or 
 

F 	
b
T 
[I b

B 	- V 
at the top of the box 

where 	S is the relevant section modulus of the 

plate in question per unit length 

bT, bB  are top and bottom widths of box 

between web centrelines: 

d 
2S b + b 

T B 
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and 
	

V is the redundant out of plane shear force 

on the centre line of the bottom flange in 

a frame consisting of unit length of box 

subjected to unit distributed distortional 

loading (see Appendix B) 

b
B
IP
b
M  a 	   DW 	 (2.4) 

2I
b  

where 	I
b 

is the BEF inertia 

M is the BEF moment 

b 
is a displacement coefficient for the 

bottom flange plate (see Appendix B) 

a
DW 

is the warping stress at the intersection 

of bottom flange and web. 

D
aW at the intersection of top flange and web is 

calculated from the value given above by the requirement 

that the warping stresses at a section are self equilibria-

ting. 

Distortional shear stresses and diaphragm forces may 

also be obtained from the BEF results and their calculation 

is described in Appendix B. 
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2.3 VERIFICATION OF THE BEF METHOD FOR STRAIGHT SINGLE 

CELL BOXES 

2.3.1. .Previous attempts at verification  

Wright et 
al(13) present a comparison of the BEF 

method with a more refined procedure based on thin walled 

beam theory described in Reference 40. Four cross sections 

are considered, two of which are rectangular steel boxes 

with orthotropic decks, one with transversely stiffened 

plates, the other two being trapezoidal steel boxes with 

composite decks, one with transversely stiffened plates. 

Agreement for distortional warping stresses 6DW  is good 

but agreement for transverse distortional bending stresses 

aDB is less good, particularly for the stiffened boxes. 

However the application of the method may be criticised 

because of the use of an approximate value of the warping 

term Ib and also because transverse stiffeners on the box 

flanges are offset from those on the webs. In such cases 

a reduced frame stiffness should be used calculated for a 

section of the box with transverse stiffeners on opposite 

walls acting with an effective width of plate on adjacent 

walls as described in Reference 14. 

The BEF method is also compared with a test on a 

model rectangular plexiglass box girder by Myers(41) 

While qualitative agreement is obtained quantitative 
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agreement is not good. However this may be explained by 

one or more of the following deficiencies in Myers' 

experimental technique and application of the BEF method: 

(i) Plexiglass is a material which creeps at constant 

load throughout the elastic range and is sensitive 

to small temperature changes. Although attempts 

were made to compensate for these effects the non-

linearity of certain of the measurements suggests 

that the attempts were not always successful. 

(ii) The top flange of the model was joined to the webs 

by screws at 4 inch centres. While these screws 

may be adequate to transfer in-plane shears it 

cannot be assumed that there is a continuous moment 

connection along the top edges of the webs. 

(iii) Stresses were calculated from uniaxial strain gauge 

measurements. Stresses a
x 

and ay  on the surface of 

a plate subjected to applied forces in several direc-

tions should be calculated from orthogonal strain 

readings e
x 

and ey  according to the relationships: 

a
x = 	

E 	(E -1-vE ) 

(1-v2) 

E 	(E +vc ) 
y 	 x 

(1-v
2
) 

where 	E is Young's Modulus 

v is Poisson's Ratio 
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(iv) BEF stresses are calculated for a panel adjacent 

to the model supports from Wright's curves for 

panels near midspan and therefore underestimate 

the model stresses. 

In 1963 Florin
(42) 

published a comparison of two 

theoretical analyses and test results on a rectangular 

plastic model box girder. The results from the theoreti-

cal analyses (due to Vlasov and Bjorklund) differed by 

only a few per cent, the differences being due to an 

allowance for shear deformation by Vlasov. Although not 

expressed in .terms of the BEF analogy, the theories were 

based on the same differential equation. Florin found 

that the theoretical distortional displacements and trans-

verse bending stresses agreed with the experimental results 

to within 15%. However the theoretical longitudinal 

distortional warping stresses were only about half the 

measured model stresses. This was probably due to the 

Poisson effect of the transverse strains being neglected 

in the longitudinal stress calculation. 

2.3.2. Additional verification for the BEF method using  

Finite Element analysis  

None of the foregoing comparisons are conclusive and 

therefore it was decided to carry out the following 

additional verifications. BEF results are compared with 
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those from finite element extensional flexural solutions 

of two examples using an element specially developed for 

box girder analysis(2°). The examples chosen are a 144 ft 

span, 6 ft square concrete box with 12 inch wall thickness 

(Example 1) and a trapezoidal stiffened steel box with the 

dimensions shown in Figure 8 (Example 2). Figure 9 shows 

longitudinal distributions of a
DB 

and a
DW for the concrete 

box (Example 1) and agreement is seen to be excellent. 

The results are presented in a non-dimensional form by 

dividing the actual stress under the load by the maximum 

possible bending stress under the same load calculated on 

the basis of simple bending theory. 

Example 2 was analysed as part of a parametric study 

undertaken for the Merrison Committee
(43)

. Two loading 

conditions were considered - a concentrated load at midspan, 

and a uniformly distributed load. The finite element mesh 

used is shown in Figure 10 and the results of the analyses 

are shown non dimensionally in Figures 11-14. Again agree-

ment is seen to be good. 

2.3.3 Additional verification for the BEF method using  

model test results  

A further comparison was made with the results of 

elastic tests on Box 7 of the series of a  scale steel box 

girders tested at Imperial College for the Merrison Committee. 
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The tests are fully reported by Frieze and Dowling
(44) 

Dimensions of the model are shown in Figures 15-17. Longi-

tudinal strains measured during the elastic tests were 

generally very low and of the same order as errors induced 

by the electronic strain reading equipment and the stresses 

calculated from these strains were therefore unreliable. 

Significant transverse strains occurred in the transverse 

stiffeners, however, and the corresponding stresses have 

been used for the comparison with the BEF method. Trans-

verse stresses in the end frame (Section C) were not 

considered because of the difficulty of assessing the 

section moduli of stiffener and plate at the end of the 

box. Results plotted for jack loads of 6 tons in Figures 

18 and 19 show both model and BEF transverse stresses in 

plate and stiffeners for intermediate ring stiffeners at 

Sections B and E. BEF stresses generally underestimate 

stresses in the stiffeners but agreement is obtained for 

plate.stresses. Model test results do not reflect the 

symmetry of the section but average values give reasonable 

agreement with the BEF predictions. 

2.3.4. Comparison of computer times for BEF and FE methods  

The above analytical and experimental comparisons 

provide more convincing verification for the BEF method. 

The usefulness of the BEF method is emphasized by the 
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following figures which show a comparison of computer time, 

storage and data preparation time for BEF and FE analyses 

of Example 2. 

Analysis Computer time Computer Approx. data 
method (seconds) storage preparation 

time 

BEF 0.9 6K 5 mins 

FE 400 60K 1 hour 

The BEF program used (Program BEF6) was written to 

facilitate the research described in this thesis and 

computer times and storages are quoted for programs run 

on the London University CDC 6600 computer. 
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2.4 EXTENSION.OF THE BEF METHOD TO CURVED SINGLE CELL 

BOX GIRDERS 

2.4.1 Proposed analytical method  

Additional distortional forces occur in box girders 

curved in plan due to the radial component of the longi-

tudinal bending stresses. If it may be assumed that the 

cross-sectional dimensions are small in relation to the 

radius of curvature, the radial component, aR, of the 

longitudinal bending stress, aB, for unit length of the 

box is given by 

a
R 
= aB 	  (2.5) 

r 

where 	r is the radius of curvature (see Figure 20). 

Consider a unit length of a trapezoidal curved box 

girder (Figure 21). The total radial forces ST  and SB  in 

the top and bottom flanges respectively are given by 

m
x
.t
T
(b
T
+2b

p)yT 
Ix.r 

(2.6) 

SB = 
M
x
.t
B
.b
B
y
B 

I
x
.r 

where 	Mx is the longitudinal bending moment 

tT, tB 
are top and bottom flange thicknesses 



Ix.r 

M M . 
 =  X  (2.7) 
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y
T
, i

B are distances from the neutral axis of 

bending to the centroids of top and 

bottom flanges 

I
x is the cross sectional inertia about the 

horizontal centroidal axis. 

The radial stress dRW at a point in the web a distance Si 

from the neutral axis is given by 

The system of radial forces shown in Figure 21 can be 

replaced by a horizontal force acting through the shear 

centre and a pair of antisymmetrical horizontal forces (P
1
) 

acting at the box corners producing a torque (see Figure 6b). 

The contributions to P
1 

by the flanges are given by • 

P
1T 

S
T
y
s 	for the top flange 

(2.8) 

P1B = 
S
B(hys

) 
for the bottom flange 

and for each web 

; To 
PlW = 	GRWTctwp.-y1(ys-y)dy+ 

h I y) 

h-yfs  

0 
aRWBetw(1-y h-ys-y)ds....(2.9) 

h ( 1-17-Y) 
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where 	a
' G 	

are the radial stresses at top and 
RWTRWB 

bottom of web 

2 u ct v 
PlW =  RWT w-s  [11 

2h
2 	3Y 

+ c  RwB
ct 

(h-ys)
2
[1- (h-ys)] 	 (2.10) 

2h2 3(h-Y) 

The equivalent vertical antisymmetrical loading P for 

a horizontal antisymmetrical load P1  is given by 

P = 
P
1
h 
	  (2.11) 

bT 

(see Figure 6c). 

Therefore substituting for ST  etc. in the above 

expressions, the total equivalent vertical antisymmetrical 

load P for the radial component of the longitudinal bending 

stresses is given by 

P _  Mx 	ftT(bT+2bp)Y ys  + tBbB(h-Y)(h-ys) 
Ix.r.bT 

twc
s 3.

_ys  

h 
Y y 

33r.  

twc (h-Y) (h-ys ) 2  [1_ (h_ysTi..  (2.12) 
3 

The longitudinal bending moments in simply supported 

box girders are statically determinate and are therefore 

independent of the torsional moments. The total distortional 

stresses are obtained from a BEF analysis of the equivalent 
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straight box girder with a span equal to the developed 

length of the centre line of the curved box. The BEF 

loading is treated as sum of the antisymmetrical component 

of the loading and the antisymmetrical component of the 

radial forces given by Equation 2.12. 

The distribution of bending and torsional moments in 

continuous curved girders and single span curved girders 

with indeterminate supports may be determined, for boxes 

with non-deformable cross sections, with the use of grillage 

analysis programs. Such programs are generally available 

to the designer and are used for the analysis of a wide 

range of bridge structures. The curved box is represented 

by a series of single members along its centre line to 

which bending and twisting loads are applied. However, if 

deformation of the cross section is permitted, the inter- 

action between the bending and torsional moments is influenced 

by the distortional deflections. The distortional deflec- 

tions can be thought of as rotations of the flanges which 

are additive to the torsional rotations. An increase in 

rotation is equivalent to a decrease in torsional stiffness 

and the influence of distortion is to reduce the effective 

torsional rigidity of the cross sections. Therefore the 

effects of distortion can be allowed for in the grillage 

analysis by reducing the torsional stiffness property of 

the longitudinal members. 
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An iterative procedure leads to the final solution 

which is obtained when a compatibility condition is 

satisfied. The compatability criterion is that the 

torsional rotations (eG) given by the final grillage 

analysis should be equal to the sum of the distortional 

rotations (0D) given by the BEF analysis of the equivalent 

straight girder, and the torsional rotations (0
T
) obtained 

from the application of the torsional moments given by the 

final grillage analysis to the girder having its full 

torsional stiffness. The criterion is expressed by the 

following equation 

= eD 	eT 
	  (2.13) 

Successive reductions of the torsional stiffness are 

made on the basis of a comparison of rotations until 

Equation 2.13 is satisfied. It is shown in Chapter 3 where 

a similar procedure is proposed for multibox systems that 

the magnitude of torsional moments given by the grillage 

analysis is not sensitive to small changes in torsional . 

stiffness. A study of a large number of practical steel 

box girder bridges shows that in many cases no reduction 

is necessary to obtain accuracy sufficient for design, and 

that in such cases an overestimate is made of torsional 

moments and hence distortional stresses. This is because 

the box having a higher torsional stiffness in relation to 

bending stiffness attracts greater torsional moments. 
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2.4.2 Model tests on a curved box girder  

The method outlined in 2.4.1 is compared in 2.4.4 with 

the results of the tests described in this section and FE 

results described in 2.4.3. 

The dimensions of the model are given in Figure 22 

and a general view of the model is shown in Figure 23. 

The loading and support arrangement (Figure 24) is such 

that the model simulates a semicircular girder with encastre 

supports. The model material is an Araldite 219 casting 

resin and sand mixture which was developed at Imperial 

College to produce elastic models of concrete structures. 

This material has several advantages over other commonly 

used model materials such as perspex or other plastics viz: 

(i) The Araldite casting resin is available in liquid 

form. 

(ii) It has a reasonable pot life (up to 24 hours). 

(iii) Both mixing of Araldite ingredients and casting 

can be carried out at room temperature. 

(iv) It can be both hot and cold cured. 

(v) The curing rate can be controlled. 

(vi) Shrinkage both during and after curing is outstand-

ingly low and the cured products are dimensionally 

very accurate. 

(vii) It is less sensitive to small changes in ambient 

temperature 
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(viii) The creep rate is very low - virtually no creep 

at working strains. 

(ix) It can be readily cast to complex shapes. 

(x) Its elastic properties are similar to those of 

concrete (Young's Modulus of 1.4 - 2 x 10
4
N/mm

2 

(2 - 3 x 10
6 

p.s.i.), Poisson's ratio 0.2 - 0.25) 

with a high tensile strength so that it is ideal 

for modelling reinforced concrete. 

Test specimens were made from the Araldite and sand 

mixes used for casting the model and tensile tests gave the 

following elastic properties: 

Young's Modulus (E) = 2.35 x 10
6 

p.s.i. 

Poisson's ratio (v) = 0.24. 
I 

This material has been described in some detail here 

as the same material is used for several other models referred 

to in subsequent chapters. Additional information is given 

in Reference 45. 

The model was cast in two parts each consisting of a 

flange and half the depth of the webs. Diaphragms were 
• 

cemented inside the box at the support sections and after 

internal strain gauges had been positioned the two halves 

of the model were bonded together with an Araldite epoxy 

adhesive. 

Electrical resistance strain gauge rosettes with 3 mm 

gauge lengths were located at two sections shown in Figure 22. 
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The disposition of gauges at these sections is shown in 

Figure 25. Gauges were located on the inside and outside 

walls of the box at coincident positions so that the in-

plane and flexural components of longitudinal and trans-

verse stresses could be separated. Strains were measured 

at a total of 168 locations, using an electronic data 

logging system designed to record information from up to 

300 strain gauge bridges at the rate of ten channels per 

second. 

Vertical deflections were measured below the web 

centrelines at the strain gauge sections using dial gauges 

with a resolution of 0.0001 inches. It can be seen from 

Figure 24 that deflections measured under the loaded part 

of the model will be double those measured under the 

equivalent encastre girder because of the nature of the 

support conditions. 

Two loading cases were considered, namely concentrated 

loads separately applied above the centre lines of inner 

and outer webs at midspan. 

2.4.3 Finite element and BEF analysis of the curved model  

A finite element extensional-flexural solution of the 

equivalent full scale structure was carried out using the 

Imperial College Structural Analysis System (ICSAS). The 

mesh incorporated one element over the depth of each web 
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and two elements over the width of the box. Advantage was 

taken of the symmetry of the structure in that a quadrant 

of the structure was analysed with the correct boundary 

conditions imposed at midspan necessary to provide con-

tinuity. A total of eight elements were used along the 

length of the box between the support and midspan sections. 

The proposed BEF-grillage analysis was carried out 

using the grillage program from ICSAS with a total of 32 

elements over the quadrant. The torsional stiffness of the 

grillage elements was the full torsional stiffness of the 

box cross sections with a single line of elements along the 

centreline of the box. The antisymmetrical loading equiva-

lent to the radial component of the bending forces was 

calculated at each grillage node using Equation 2.12 and 

applied to the equivalent straight BEF. 

2.4.4 Comparison of BEF, FE and model test results  

The test results from the two loading cases were combined 

to give stresses for the symmetrical and antisymmetrical 

components of concentrated loading applied at midspan. The 

crosssectionaldistributionofaDB 
 at midspan due to the 

symmetrical component of loading is shown in Figure 26 and 

that due to the antisymmetridal component is shown in 

Figure 27. Corresponding BEF and FE results are also shown 

in Figures 26 and 27 and cross sectional distributions of cIDB 
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for a FE analysis of the equivalent straight box are shown 

in Figure 28. Stresses are non-dimensionalised with respect 

to the maximum 'simple' bending stress as before. Unfortun-

ately three of the internal strain gauge elements failed 

during manufacture of the model so that transverse bending 

stresses could not be obtained at these locations. However 

sufficient gauges remained in working order for a comparison 

of model, FE and BEF results to be made. Cross sectional 

distributions of longitudinal extreme fibre stresses for 

the two components of load are shown in Figures 29 and 30. 

The cross sectional distributions of aDB 
and aDW 

show 

reasonable agreement between the three analyses. The finite 

element stresses are in general larger in the side of the 

box nearer the centre of curvature but average FE values for 

the two sides of the box agree closely with BEF values. FE 

and BEF results both slightly underestimate model stresses 

for the symmetrical component of loading but close agreement 

is obtained for aDB 
due to the antisymmetrical component. 

BEF stresses a
DW 

for the symmetrical component are lower 

than those from the other analyses but average longitudinal 

stresses are in agreement. BEF stresses arm  due to the 

antisymmetrical component overestimate model stresses but 

when longitudinal stresses due to the two components are 

combined agreement is good. 

The results show that in this particular case further 
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grillage analyses with reductions to torsional stiffness 

properties are unnecessary. Agreement between the three 

analysis methods is adequate for design purposes and 

maximum stress values for the three analyses agree closely. 

A comparison of the finite element results shown in Figure 

27 with those for the equivalent straight box shown in 

Figure 28 demonstrates the validity of separating the two 

components. 
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2.5 A PARAMETRIC STUDY OF THE BEHAVIOUR OF SINGLE CELL 

BOX GIRDERS USING THE BEF METHOD 

2.5.1 General  

The response of a single cell box girder to an 

arbitrary eccentric load has been described in Section 1.2 

Having established the validity of the BEF method in the 

previous sections, it is used in this section to investigate 

the effects of altering the various parameters of the box 

on its distortional behaviour. A selection of the results 

presented here have also been included in a paper with other 

authors(3). The examples are based on a two lane highway 

with piers at 144 ft centres and although the structures 

are not actual designs, the proportions are representative 

of practical bridge cross sections. The dimensions of the 

examples used in this section are given in Figure 31 and 

Tables 2 and 3. Results are presented in a non-dimensional 

form by dividing the actual stress under a given load by the 

maximum possible bending or shear stress under the same load 

calculated on the basis of simple bending theory. Deflec-

tions are non-dimensionalised with respect to the bending 

deflections in a similar manner. 

Consider Section 1 which is square in cross section 

with wall thicknesses representative of a concrete box. 

Figure 9 shows the longitudinal distribution of °DB  and cpw 
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for both BEF and FE solutions. The distortional stresses 

increase rapidly towards the load because the high trans-

verse stiffness of the thick walled box restricts the 

deflections due to distortion to the region of the load. 

Consequently the distortional stresses are sensitive to 

the length over which the load is applied. Figure 32 shows 

the variation of peak midspan aDB  and 	with loaded 

length for Section 1 under a fixed load distributed over 

an increasing length. As the loaded length increases 

aDB/c5
B  approaches a constant value and am/ 0B  at midspan 

reduces to zero. Distortional curvature is confined to the 

regions at the ends of the distributed load where distor-

tional warping stresses result. 

Figure 33 shows the variation of maximum stresses aDB 

and am, distortional deflection, and transverse distortional 

moment with wall thickness for a 6 ft x 6 ft box girder under 

central point load. Distortion of the cross section is 

resisted by "frame action" of the box walls and by warping. 

When the wall thickness is small the frame action is neglig-

ible and distortion is resisted only by warping with maximum 

values of arm  and distortional deflection. As the wall 

thickness is increased the frame action becomes more important 

with consequent decreases in a
DW and distortional deflection, 

but increases in transverse moment and a
DB
. With further 

increases of thickness a peak value of a
DB 

is reached after 
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which the section modulus of the box wall (proportional to 

the square of the wall thickness) increases more rapidly 

than the transverse moment with a resulting reduction of 

a DB•  
The use of transverse stiffeners makes possible a study 

of the effects of altering the frame stiffness of the box 

while keeping the wall thickness and hence the warping 

stiffness constant. The variation of maximum transverse 

distortional moment and the corresponding stresses, °DB' 

for a 6 ft x 6 ft box with 0.5 inch plates under central 

point load as the distortional stiffness of the section is 

increased is shown in Figure 34. The transverse distortional 

moments increase with frame stiffening. The maximum stress 

in the frame depends upon the section modulus of the stiffener 

together with an associated effective width of plate and it 

can be seen that the addition of stiffening does not 

necessarily reduce the transverse stresses. It has been 

the practice to proportion transverse stiffening by buckling 

considerations and often such stiffeners attract high dis-

tortional stresses especially at the corners of the boxes 

where welding details may impose limitations on stress levels 

due to the limit state of fatigue. In single cell boxes 

distortional stresses are often fully reversible and partic-

ular care must be taken in the choice of stiffening so that 

the fatigue life of corner connections is not impaired. 
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2.5.2 Stress levels in steel and concrete boxes due to  

distortion  

Concrete Section 3 and steel Section 6 have the same 

overall cross sectional dimensions. The midspan cross 

sectional distributions of aDB 
and a

DW 
 for antisymmetrical 

loading at midspan for Sections 3 and 6 are shown in Figures 

35 and 36. It can be seen that the stresses in the concrete 

box are all less than a
B 
whereas the stresses in the steel 

box are much greater and aDB  in the web stiffener is several 

times (TB. However the web stiffeners in the steel box are 

designed as buckling stiffeners according to BS153, and not 

to resist distortion of the cross section. If the stiffening 

is increased to that for Section 6A (Table 3), the maximum 

value of aDB  reduces from 9.81aB  to 0.32aB. Alternatively 

diaphragms may be used to restrict aDB 
and to a lesser 

extent aDW 
and their effectiveness is examined in Section 2.5.4. 

The effect of varying the cross sectional side ratio is 

studied with concrete Sections 2, 3 and 4 and steel Sections 

5, 6 and 7. In each case the bottom section modulus is kept 

constant by varying the bottom flange thickness and the load 

is applied 9 ft from the longitudinal centre line. The 

variation of aDB 
and a

DW 
is shown for concrete and steel 

boxes subjected to concentrated and distributed loads in 

Figures 37 to 39. Again the stresses are greater in the 

steel boxes but no significant trend emerges in the results. 
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2.5.3 Trapezoidal boxes  

The effect of sloping the webs is studied by reference 

to concrete Sections 8, 9 and 10 and steel Sections 11, 12 

and 13. The bottom flange thickness is adjusted so that the 

bottom section modulus remains constant for either concrete 

or steel sections. Figures 40 to 42 show the maximum mid-

span values of aDB  and a
DW  for central concentrated loading 

and uniformly distributed line loading on both steel and 

concrete boxes. In all cases a reduction in stress occurs 

as the bottom flange becomes more narrow. This is because 

the frame stiffness of the box is increased and in the 

extreme with a zero bottom flange width the section becomes 

triangulated and non-deformable. Figure 43 which shows 

cross sectional distributions of a
DB for Sections 8 to 10 

demonstrates how the position of maximum aroB  may vary as 

the slope of the web is changed. 

Transverse in-plane forces are introduced into the 

flanges when the webs are sloped. Tensile stresses result 

in the top flange at midspan and compressive forces occur 

at the supports in the bottom flange and diaphragms and 

these must be considered in design. Figure 44 shows cross 

sectional distributions of transverse in-plane stresses 

obtained from FE analyses of Sections 8 and 10. 
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2.5.4 Diaphragms  

The diaphragm spacings and stiffnesses required to 

restrict distortional stresses to acceptable levels depend 

upon the transverse stiffness of the box or, more precisely, 

upon the parameter S which is given by 

= ,e//K 
4E1 
  (2.14) 
w 

(See also Appendix B). 

has the dimensions of (length)
-1 and a dimensionless 

panel length (LLD) may be defined as the product of f3 and 

the diaphragm spacing, LD. Curves may be plotted of dimen- 

sionless BEF deflection, 	moment, support reaction and 

shear for specific road cases. Wright et 
al(13) 

present 

curves for central point load and Figure 45 shows similar 

curves of dimensionless BEF deflection (proportional to aDB) 

for a uniformly distributed - load. Diaphragms at dimension-

less spacings greater than 5 do not significantly affect 

maximum values of aDB. An intermediate range exists from 

• f3I,D 
= 1 to f3I,

D 
= 5 over which the diaphragm spacing is the 

dominant parameter and below -131D  = 1 diaphragm stiffness 

becomes more important. Below IIILD= 0.2 stiffness alone 

controls distortion. These ranges vary slightly for cliff-. 

erent loading cases but as a general rule for proportioning 

diaphragms these ranges may be used. 
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The influence of diaphragm stiffness and spacing is 

illustrated by reference to Section 11. Figure 46 shows 

the longitudinal distribution of a
DB 

in Section 11 for 

different numbers of diaphragms with the load applied in 

each case midway between the most central diaphragms. It 

can be seen that five 12 in. plate diaphragms are necessary 

to reduce am  to a value less than aB. 

Figures 47 and 48 show the effect of different numbers 

of alternative diaphragms on the maximum values of am  and 

atm. Curves for the point load case illustrate that for 

few diaphragms stress levels are controlled by the diaphragm 

spacing, and for seven or more diaphragms stresses are 

controlled by diaphragm stiffness. Diaphragms are less 

efficient in the control of warping stresses which if 

critical are best controlled by increasing the flange areas. 

Three alternative diaphragms are studied. The plate dia-

phragms each contain about the same weight of steel as two 

diaphragms made from 8 x 8 x % in. angles or three made from 

6x6x4in. angles. For a point load, a
DB 

is reduced to 

about O.8aB, if three internal 1/2 in. plate diaphragms, five 

8 x 8 cross bracings, or seven 6 x 6 cross bracings are 

used. On the basis of weight the third alternative is 

the most efficient and this arrangement also leads to the 

lowest a
DW
. 

For a rigid diaphragm all of the distortional component 

of eccentric concentrated load applied at the diaphragm is 
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resisted by the diaphragm. In practice the diaphragm has a 

finite stiffness and some of the distortional force is 

resisted by the frame action of the box and by adjacent 

diaphragms. For example, for seven 6 x 6 x z  in bracings 

the maximum stress in the angles would be 2.16B  if the 

bracings were assumed rigid, but is 1.06B  when the actual 

stiffness is used in the BEF solution. 

Figure 49 shows the effect of introducing different 

numbers of 12 in. concrete diaphragms into concrete Section 8. 

The number of diaphragms has a marked effect on aDB  but 

little effect on a
DW 

over the range shown. A slight increase 

in aDW may be noticed for four diaphragms. This may be 

explained by reference to the moment response of the analo 

gous BEF shown in Figure 50. If diaphragms are placed beyond 

A-A they will not affect aDW  at midpanel. If diaphragms are 

placed between A and B it can be seen that midpanel moments 

are slightly increased (corresponding to four diaphragms in 

Figure 49). Similarlya
DB  may be increased slightly if the 

diaphragm spacing corresponds to supports between A and B
(46) 

2.5.5 Effects of curvature in plan  

Distortional effects due to curvature may be accounted 

for by the method described in Section 2.4. If the values 

of DB 	L 
and a shown in Figures 26-30 for symmetrical and 

antisymmetrical components of load are combined to give the 
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stresses for single point loads applied above the centre-

line of each web separately (Figure 51) it can be seen that 

maximum values of a
DB 

and a
L 

are obtained when the load is 

applied above the inner web. In such a case the distortional 

forces due to the radial component of the longitudinal 

bending stresses are additive to the distortional forces 

due to the antisymmetrical component of the loading and 

higher values of a
DB 

and a
DW 

result. 

2.5.6 Cross sectional properties of practical steel box  

girders  

The distortional properties of 28 recent steel box 

girder bridge designs were studied in order to investigate 

possible simplifications to the BEF method, and more partic-

ularly to the calculation of the distortional properties Iw  

and K, for use in design. The details of the bridges were 

supplied by. the DoE and the bridge names and reference 

numbers are given in Table 4. Although the majority of 

the structures are of multibox construction, the analysis 

method proposed for such structures in Chapter Three makes 

use of the BEF method for single cell boxes to determine 

distortional effects in each cell separately. Therefore 

the calculation of the distortional properties of a multi-

box bridge is approached by the calculation of the properties 

of each cell as an independent box. The properties studied 

■ 
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are listed for each bridge in Table 5 from which the 

following observations may be made: 

(i) 13I, (span) - the dimensionless panel length of 

the span of the box. If this is greater than 

approximately 2.5 the influence of the support 

diaphragms on distortional stresses at midspan 

is small and the box may be analysed as an 

infinite BEF for which there is a simple solution. 

Table 5 shows that all the bridges studied have 

(3I, (span) greater than 2.5. 

(ii) D 
(panel) - the dimensionless panel length between 

diaphragms or cross bracing. The influence of 

diaphragms on mid-panel stresses depends to a 

certain extent on the loading case. If [3IJD  is 

less than 2.0 diaphragms control the stresses 

under both distributed and concentrated loading. 

If f3IJD  is less than 0.2 diaphragm stiffness alone 

is the controlling factor. Therefore as a general 

rule diaphragms are most effective if spaced in 

the range 0.2 < aLD  < 2.0. Of the thirteen struc-

tures with internal diaphragms only one had 

D 
< 0.2 (Porton Road Bridge) and one had D < 2.0 

(Thornham East Bridge). 

(iii) Ix/4I10, ro, rs. The expressions leading to the 

warping stiffness property Ib  are complicated and 
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the use of an approximate value of Ix/4 has been 

suggested
(13) 

 . The warping stiffness is used in 

the BEF analysis at two stages - in the calcula-

tion of the 0 parameter and secondly in the 

calculation of warping -  stresses from the BEF 

moment. A further approximation may be introduced 

into the warping stress calculation by using the 

analogy to bending about the horizontal axis as 

°DW = 
ES7W 	(2.15) 

where 	y is the distance from the neutral axis of 

bending to the extreme fibres 

W is the BEF deflection. 

In Table 5 the value Ix  /41b  gives a comparison of 

approximate and exact values for warping stiffness 

and r
0 
 is a measure of the error in 13 resulting 

from the use of Ix/4. r
s 
is a measure of the error 

resulting from the use of Equation 2.15 rather than 

the exact expression for aDW. Expressions leading 

to r and r
s 

are given in Appendix B. Table 5 

shows that the maximum value of r is 1.19 - an 

error of 19% - but in only two cases r shows errors 

greater than 10%. Values of r greater than unity 

lead to conservative values of a
MI and values of r 

calculated to be less than unity do not exceed 6% 
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error. The approximation of Equation 2.15 measured 

by rs  leads to somewhat larger errors, the maximum 

being 25%. However where values of r
s 

are small, 

representing large errors in am, values of r 

are genetally greater than unity and discrepancies 

tend to compensate. The maximum error in aDW 
in 

using Equation 2.15 together with 1x/4 is 19%. 

Since the warping stresses are generally of less 

importance than aDB  the above figures suggest that 

the use of these approximations leads to sufficient 

accuracy for design. 

(iv) V
D 

- the redundant shear at a cut on the centre line 

of the bottom flange of unit length of the box 

subjected to unit antislimmetrical load. The expres-

sion for V
D 

is complicated and is used in the 

calculation of the frame stiffness K. The value 

of VD 
is almost always between 0.2 and 0.25 and if 

an approximate value of say 0.225 could be used the 

calculation of K would be greatly simplified. 

However Table 5 shows that for two bridges VD  is 

outside the normal range and for Bridge 1 the use 

of a value of .225 would lead to large errors. 

Bridge 1 is peculiar in that although substantial 

transverse web stiffening is used (12" bulb flats) 

there are no transverse stiffeners on the bottom 
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flange. Such a detail. could lead to high stress 

concentrations in the bottom flange plate adjacent 

to the web stiffners and is therefore in general 

to be avoided. 

(v) y and A - geometrical properties of the box used 

to define the practical ranges of box girders. 

For rectangular boxes y = 1 and trapezoidal boxes 

obviously have y < 1. A - the ratio of slant 

height to top flange width varies between 4 and 

0.24. 

(vi) a and v - ratios of transverse flexural rigidities 

of bottom to top flanges and web to top flange 

respectively. These ratios have a large influence 

in the calculation of the frame stiffness of the 

box cell and they reflect the levels of a
DB 

in 

the various plates of the box. Where there is a 

large difference in flexural rigidities of adjacent 

box walls, transverse stresses may often be high 

in the wall with the smaller flexural rigidity 

especially where the section modulus of the stiffener-

plate combination is low. Transverse stiffeners are 

in general proportioned for considerations other 

than that of controlling distortional stresses and 

this frequently leads to large differences in flex-

ural rigidity and hence high stress levels. Table 5 
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shows that almost half the bridges investigated 

have values of v less than 0.002. 

The above observations lead to simplifications in 

calculation of BEF parameters and in particular the approx-

imate warping property Ix/4. Ratios y, A, a, and v may 

be used to simplify the calculation of K with the use of 

curves as shown in Appendix B. The clauses dealing with 

distortion of the cross section in the new British Interim 

Design Rules are based on the use of a simplified BEF 

method resulting from the above study. They will be discussed 

further in Chapter Eight. 
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CHAPTER 3: MULTIBOX BRIDGE STURCTURES  

3.1 GENERAL 

A recent feature survey of 173 concrete box girder 

bridges(47)  shows that of the total, 53 are single cell, 

59 are multicell and the remainder (61) are multibox. A 

similar survey of data on 62 steel box girder bridges 

compiled for the Merrison Committee Parametric Studies(48)  

reveals that fifteen are single cell, four are multicell 

and 43 are multibox. An analysis method which accounts 

for distortional effects in single cell box girders has 

been described in Chapter Two. It is clear, however, that 

for the method to be of more general use to the designer, 

it must also be applicable to multibox structures. A 

report by Kee
(49) 

provides the basis for an approximate 

method of caldulation of load distribution and hence distor-

tional effects in multicell box girders. The literature 

survey of Section 1.3 demonstrates the lack of alternative 

analysis methods to the finite element approach for general 

multibox structures and highlights the need for more economic 

methods suitable for design. 

In this Chapter a method is proposed, based on a combina-

tion of grillage and BEF methods, to account for distortional 
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effects in complex multibox elevated highway structures.•.  

Validation is provided by comparison with finite element 

results, and the method is used to investigate the influence 

of the distortional stiffness on load distribution and 

distortional stresses for a typical twin box structure. 
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3.2 THE PROPOSED GRILLAGE - BEF APPROACH 

Standard computer programs for the analysis of grillages 

are widely used in the design office for the analysis of 

many forms of bridge superstructure. Sawko and Mosley(50) 

describe the application of such programs to box girder 

bridges with undeformable box cross-sections. If deforma-

tion of the cross section is permitted the effects are 

similar to those described for curved continuous single 

cell boxes in Section 2.4. Antisymmetrical vertical dis-

placements of the box corners which result from deformation 

can be considered as rotations of the flanges which are 

additional to the pure torsional rotations and which reduce 

the effective torsional stiffness of the box section. This 

conception of the structural action leads to an analysis 

method utilising standard grillage programs with reduced 

torsional stiffness properties (GJ) for the longitudinal 

members to make allowance for deformation of the cross 

section. The torsional stiffness GJ is the Bredt7Batho 

value for closed undeformable sections and is given by 

GJ = 4GA
2 

ds 
t 

where 	G is the shear modulus 

A is the enclosed area of the box cross section 

t is the wall thickness 

s is the distance along the box wall. 
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The degree of reduction to GJ is dependent upon the distor-

tional properties of the box cells, the span and spacing of 

the boxes, and the loading. The following iterative 

procedure provides the final solution which results when 

compatibility of vertical antisymmetrical deflections of 

the box corners is obtained: 

Step 1 Carry out a grillage analysis of the structure 

assuming the longitudinal members have the full GJ 

as given above. 

Step 2 Carry out a BEF analysis of each box with anti 

symmetrical loading equivalent to the torsional 

moments given by Step 1. 

Step 3 At key sections compare the sum of the BEF distor-

tional deflection 610  and the torsional deflection d 

with the grillage torsional deflection SG. (613  is 

the vertical distortional deflection at the top 

corner of the box defined by W in Figure 5, ST  and SG  

are the relevant torsional rotations multiplied by 

half the top width of the box defined by (ST  in 

Figure 2. (ST  is obtained from the grillage results 

by dividing (SG  by the torsional stiffness reduction 

factor and therefore, for the full torsional stiffness 

grillage, 613  = ST). 

Step 4 Calculate a new torsional stiffness equal to the 

previous torsional stiffness divided by the reduction 
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factor R which is given by: 

R = (ST + 6D  

G 

 

(3.1) 

 

Step 5 Carry out a further grillage analysis with the new 

GJ. 

Step 6 Carry out a BEF analysis of each box with antisym-

metrical loading equivalent to the torsional moments 

given by Step 5. 

Step 7 Repeat Steps 3 to 6 until the following compatibility 

criterion is obtained at Step 3. 

G =T +D 	  (3.2) 

The previous grillage and BEF analysis will-have 

given the correct distribution of bending and torsional 

moments and deflections, and distortional stresses and 

deflections. 

The procedure is illustrated by reference to the twin 

box structure shown in Figure 52. The cross section consists 

of two open-topped steel boxes with a composite reinforced 

concrete deck. The four webs are equally spaced at eight 

feet centres and a concentrated load is applied above an 

outer web at midspan. 

The idealisation used for the grillage analysis is 

shown in Figure 53 and consists of a single line of longi-

tudinal members along the centre-line of each box with 

■ 
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transverse members to represent the boxes and slab. Slab 

members with high stiffness are used across the width of 

the box so that the transverse members which represent the 

slab between boxes have the correct span and stiffness 

properties. Cantilevered transverse box members are used 

over the outer half of the box so that loads can be applied 

above the outer webs. Member properties are given in 

Table 6. 

A three dimensional finite element 'shell' analysis 

was also performed using ICSAS. The applied loading is 

separated into symmetrical and antisymmetrical components 

and it is then possible to analyse only a quarter of the 

structure resulting in large savings in computer time. The 

mesh selected for the analysis consists of rectangular 

plate elements -(Figure 54). The number of nodes in the 

cross section is the minimum necessary to define the geometry 

and the mesh length is equal to one sixteenth of the span. 

Finite element transverse distortional bending stresses, 

(DB' and deflections for a concentrated load of 1 ton applied 

above one of the outer webs at midspan are given in Figure 55 

and Table 7 respectively. The grillage analysis for longi-

tudinal members having the full torsional stiffness (GJ) 

gives an antisymmetrical deflection for the loaded box of 

G 
= 0.224 x 10

-3
in. and the BEF analysis of the correspond-

ing torsional moments gives a distortional deflection SD  

of 0.403 x 10
-2 
 in. The sum of SD and the torsional 
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deflection 6
T 
(=0.224 x 10

-3in.) gives 

6G 	_ 0.224 x 10
-3 	1 

D + I' 	0.425 x 10
-2 	19 

 

(3.3) 

 

which suggests a reduction of GJ to one nineteenth of the 

full value. Transverse distortional bending stresses a
DB 

for the BEF analysis of torsional moments given by the 

full GJ grillage are also shown in Figure 55 and it can be 

seen that the stress levels are approximately double the 

finite element values. 

The results of a grillage-BEF analysis for GJ/19 are 

given in Table 7 and Figure 55 and a comparison of deflec-

tions for this case gives: 

for the_l_oaded box SG = 1 

 

6
D  6T 0.971 

(3.4) 
and for the unloaded 	6G 	1 

box 
	6

D 	T 	1.115 

Figure 55 shows that the maximum aDB  calculated by 

grillage-BEF is within six per cent of the finite element 

values - an accuracy quite sufficient for design. The 

factors from Equation 3.3 when multiplied by GJ/19 suggest 

values of GJ/19.45 for the loaded box and GJ/21.18 for the 

unloaded box. A further grillage-BEF analysis using these 

figures gives even closer agreement with the FE analysis 

(Figure 55 and Table 7). 
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The above figures show that two grillage-BEF analyses 

are sufficient to calculate the effects of distortion for 

the loading case considered. The above FE and grillage-BEF 

results were obtained from computer programs run on the 

University of London CDC6600 computer. The central process-

ing time used for the FE run was 96 seconds compared with 

a total of 17 seconds for two grillage-BEF runs. However 

the FE approach has the advantage that additional load cases 

can be considered at little extra cost because the major 

part of the computer time is taken in the inversion of the 

structure stiffness matrix. If one reduction factor for 

the torsional stiffness could be used for all loading cases 

which still retaining sufficient accuracy for design, 

additional loading cases could also be calculated by the 

grillage-BEF method for a relatively small increase in 

computer time. Therefore two additional load cases were 

calculated by the grillage-BEF method with the longitudinal 

members having a torsional stiffness of one nineteenth of 

the full value. The load cases consisted of a uniformly 

distributed line load applied above an outer web, and a 

concentrated load applied at -midspan above one of the inner 

webs. In both cases the total applied load was 1 ton. 

A comparison of antisymmetrical deflections for the 

most critically distorted box gives: 
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For the concentrated load above an inner web 

6 
G=  1.053 

6
D 
 + 6

T  

and for the uniformly distributed line load 

6G 	= 0.932, 
6 + 6 
D T 

differences of five and seven per cent respectively. 

The transverse distortional stresses for the two load 

cases together with corresponding FE results are given in 

Figures 56 and 57. The results show very good agreement 

for the two methods and give the important result that the 

same reduction factor for the torsional stiffness may be 

used for different load cases with consequent savings in 

computer costs. 

Longitudinal stresses are also predicted accurately 

by the grillage-BEF approach and Figure 58 shows a comparison 

of longitudinal stresses with FE results for a central 

concentrated load above an outer web of the twin box example. 
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3.3 ALTERNATIVE NON-ITERATIVE APPROXIMATE METHOD 

The procedure for calculation of distortional effects 

using the grillage-BEF method proposed in 3.2 could be 

abbreviated if the final torsional stiffness reduction 

factor could be estimated with acceptable accuracy without 

iterating the solution. In the method described in 3.2 

reductions to the torsional stiffness are calculated on 

the basis of a comparison of antisymmetrical deflections 

until the compatibility criterion of Equation 3.2 is 

satisfied. An alternative approximate basis for calculation 

of the reduction factor could be the condition that the 

strain energy of torsion, UT, and distortion UD, in the 

actual box should be equal to the strain energy (UT(reduced)
) 

due to pure torsion in an idealised non-deformable box 

with a reduced -torsional stiffness. 

i.e. T(reduced) = UT 
+ UD 	 (3.5) 

This approach has been used by Pelikan and Esslinger(66)  

for estimating a reduced torsional stiffness of orthotropic 

decks with closed stringers. 

r, 2 
 

UT 	2GJ j 
	P

2 
ds 	  (3.6) 

o 

where 	bT 
is the top width of the box 

P is the antisymmetrical loading 

s is the distance along the beam. 



2 (reduced) 	

P
2
ds _ T 	P ds + UDB + UDW 

b j - 2 	2 
therefore 

0 	 0 
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The distortional strain energy is the sum of the strain 

energy due to distortional bending, UDB, and that due to 

distortional warping, UDW. 

UD = UDB 4. UDW 	  (3.7) 

where 	UDB is given by 

UDB = 	Weds 	  (3.8) 

and 
	

UDW is given by 

rL 

UDW = EIb 	(4")
2 
 ds 	 (3.9) 

JO 

where 	K is the foundation modulus of the BEF 

I
b 

is the inertia of the BEF 

W is the BEF deflection 

ZGJ 

and 
	GJ 	 UT + UDB + UDW 	 f3.10) 

GJ
(reduced) 	

U
T 

However the distributions of torsional moments and 

BEF deflection and moments are not known without preliminary 

analysis. 	If it is assumed that the torsional 

moments are distributed over the span in a sinusoidal form, 
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and if it is further assumed that distortion is resisted by 

the frame stiffness of the box alone and also that distor-

tional deflections have a sinusoidal distribution, then a 

direct calculation of the reduced torsional stiffness can 

be made as shown below. (Longitudinal distributions of 

torsional moments and distortional deflections in general 

approximate sinusoidal configurations). 

Applied torsional moments mT  are distributed according 

to 

m
T 
= P.b

T 
sin Trx 

L 
	  (3.11) 

where 	P is the antisymmetrical load 

x is the distance along the span from one support 

L is the span length. 

The total torsional moment M
T 

at a distance x from the 

support is therefore given by 

,i-L/2 

M
T = 	

P.bT  sin Fx dx = P.bT  L cos 7x....(3.12) 
L 	L 

The torsional strain energy UT  is given by Equation 3.6 

therefore 

P.b 2 2 
U
T 	(•- T) .L .L 2GJ 7 2 
	  (3.13) 
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For the idealised non-deformable box with a reduced 

torsional stiffness 
GJ(reduced) the torsional strain energy 

i 
UT (reduced) is given by  

2 
P.b 

= (___T) 	.(L)
2
.1i 	 (3.14) UT (reduced) If  

2Gj 2  (reduced) 

The distortional strain energy is calculated by the 

summation of the strain energies due to bending in each 

of the box walls. The transverse bending moment diagram 

for a unit length of the box subjected to a unit distributed 

antisymmetrical load is shown in Figure 59. VD  is the 

redundant shear at the centre line of the bottom flange and 

its value is derived in Appendix B. Distortional bending 

moments 	are distributed according to 

mD = M. sin Trx 	  (3.15) 

where 	M is the value given by Figure 59. 

The distortional bending strain energy for the top 

flange U1  is given by 

U
1 = 

2 	m
2 
.sin

2
ux dx.dy 

2E1 

therefore 

bT/2  f L 

Ul _ 2 bB  
VD 2  x2  .sa.n2  Trx dx.dy 

(I)  +b 
T B  

2EIt  
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therefore 

Ul  (  bB 	V  
bT+bB  

(3.16) 

 

48E11  

 

where 	I
1 

is the inertia of unit length of the top flange 

plate for transverse bending. 

Similarly for the bottom flange the distortional bending 

strain energy U2  is given by 

2 3 

U2 - 
V
D bB3 

L 
	  (3.17) 

and for the two webs the strain energy U3  is given by 

U
3 = 

cL 	
C1

2 - C
1
C
2 
+ C22 

2E1
3 . 

3 

 

(3.18) 

 

where 	C
1 
 = b

B 
 .V
D 
 /2 

b ( b 
C 	T 	B  - VD) + C 1 2 -  

2 bT+bB 

and 	I
2
, 1

3 are the bottom flange and web inertias equiva- 

lent to I
1 
for the top flange. 

Equating the strain energies gives 

UT (reduced ) 
= U

T 
+ U

l 
+ U

2 
+ U

3 	 (3.19) 

48E12 

and substituting from Equations 3.12 to 3.17 
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R GJ. 1 +  GJ  (71-  )2 	bB 	
v  )2 bT  

GJ 	2 

	

(reduced) 	12b
T E L 
	bT

+b
B 	

Ii 

+ V 
2b  3 + 
	

2 	2 .24c (C 
D B 	1 - C

1 
 C2 + C2 

	

22 	
I
3  • 
	3 . 

	 43.20) 

Equation 3.20 may be used to calculate a reduction 

factor, R, for the torsional stiffness of longitudinal members 

of the grillage analysis without recourse to preliminary 

analysis. The assumptions necessary to the derivation of 

Equation 3.19 make the expression approximate especially for 

distortionally flexible boxes. For example the structure 

used to illustrate the grillage-BEF approach in 3.2, which 

has no transverse stiffening or diaphragming and was selected 

as an extreme example to test the method, has a reduction 

factor calculated from Equation 3.19 of R = 26.4. In order 

to determine the errors produced by the use of this value 

rather than the value of GJ/19 suggested by the iterative 

procedure, a grillage-BEF analysis for boxes having GJ/26.4 

was carried out. The results of this analysis are included 

in Figures 60-65 which show the maximum torsional moments, 

deflections, 'transverse slab moments, distortional effects 

and longitudinal bending moments for a range of grillage-BEF 

analyses of the twin box example for torsional stiffnesses 

ranging from the full Bredt-Batho value to zero. 

3 
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Figures 60-65 show that the behaviour of the structure 

is insensitive to small changes in the torsional stiffness 

of the longitudinal members. Large changes in GJ produce 

much smaller changes in the structural response. For 

example a reduction of GJ from the full Bredt-Batho value 

to GJ/2 (i.e. 50% reduction) produces an increase of less 

than 6% in the maximum deflections and longitudinal bending 

moments and a decrease of only 9% in the maximum torsional 

moment. Similarly a reduction of the torsional stiffness 

from GJ/10 to GJ/100 (a reduction of 9m) produces an 

increase of 30% in the maximum deflection but a decrease 

of 70% in the torsional moments and hence distortional stresses. 

Calculations on other practical bridge designs suggest that, 

in general, the behaviour is insensitive to small changes 

(32,51,52) to GJ 	- Conservative results for distortional 

stresses are obtained when the effective torsional stiffneSs 

is overestimated. The use of GJ/26.4 suggested by Equation 

3.19 produces errors in maximum deflections and bending 

moments of less than 4% and an error of 16% in the maximum 

stress aDB. 
This gives sufficient accuracy for preliminary 

design and if the distortional effects prove to be critical 

a further grillage analysis may be necessary for an accurate 

assessment of distortional effects. 

The torsional stiffness reduction factors necessary 

for practical box girder designs vary widely according to 
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the geometry of structures. Reduction factors for the steel 

bridge designs referred to in 2.5 vary between 1.6 and 17.8. 

Where internal diaphragms are incorporated into the 

box distortion of the cross section is largely limited to 

the loaded panel. In such cases it may be assumed that the 

sinusoidal distribution of distortional forces is effectively 

restricted to the diaphragm spacing whereas the torsional 

moments remain distributed over the entire torsional span. 

This results in a modified form of Equation 3.20 where the 

reduction factor for internal diaphragms RD  is given by 

= GJ 	
GJ LD  ( m)2 k(  _bB 	V  )2 bT  

R 	= 1 + D GJred 	12bT
2
EL 

L 	b
T
+b
B 
	11 

2 
+ VD bB

3 
+ 24c cl

2 
- cic2  + c2

2 

I2 	I3 	3 
.••••■■• 

(3.21) 

Therefore 

L
D (R-1) R

D 
= 1 + 

 

(3.22) 

  

The use of equation 3.21 for internal diaphragms is 

demonstrated in Chapter Seven. 
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CHAPTER 4: THE INFLUENCE OF SKEW SUPPORTS ON THE  

BEHAVIOUR OF MULTIBOX STRUCTURES  

4.1 INTRODUCTION 

The layout of modern motorway and urban highway 

grade separated interchanges often necessitates the use 

of skew supports for the elevated structures. The 

particular advantages of the box section over other forms 

of construction in such situations are discussed in 

Chapter One. Skew supports introduce higher torsional 

moments into the box girders than occur in the equivalent 

right supported bridge and distortional effects are corres- 

pondingly more pronounced. In this chapter the behaviour 

of skew supported multibox structures is illustrated by 

reference to theoretical and model analyses of the Merstham 

Interchange Slip Road Structures. These analyses also 

provide additional comparisons for the analysis method 

presented in Chapter Three. 

The four level Merstham Interchange is at present being 

constructed at the intersection of the M23 and M25 Motorways 

near Merstham, Surrey. The layout of the interchange (Figure 66) 

necessitates a high degree of skew at the supports of the 

lower slip road structures which will carry two traffic 



87 

lanes over four spans varying in length between 76 feet 

and 126 feet. The original design for the superstructure 

consisted of two rectangular stiffened steel box girders 

with a composite reinforced concrete deck. Details of the 

stiffening for the steel plates of the boxes are shown in 

Figure 67. There were no diaphragms within the spans but 

1/2 in. stiffened plate diaphragms were incorporated into the 

boxes above the bearings. The supports consisted of a 

single bearing which allowed both rotation and translation 

located centrally beneath each box at the pier positions. 

An alternative design proposed by the contractor which 

employs concrete for the boxes rather than steel was finally 

adopted for construction but the results described in this 

chapter are related to the steel design in which the effects 

of skew are more severe. 

The model tests, and the finite element and grillage-

BEF analyses of the undiaphragmed structure are described 

in Sections 4.2 to 4.4. The results of the three analysis 

methods are compared in Section 4.5 and the structural 

behaviour is discussed in Section 4.6. The results indicate 

that the distortional stress levels in the undiaphragmed 

structure are unacceptable. Subsequently a study of a 

number of possible diaphragm arrangements was undertaken 

using the finite element program to determine the most 

efficient diaphragming system for the skew situation. This 

study is reported in Section 4.7. 
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4.2 DESCRIPTION OF THE MODEL TESTS 

The model dimensions are shown in Figure 68. The 

model was constructed to a scale of 1/30 of the full 

scale structure as this was the most suitable for the 

available materials and laboratory testing apparatus. It 

was thought unnecessary to reproduce exactly all the 

features of the prototype structure although the overall 

dimensions of the superstructure and the thickness of the 

slab were scaled down exactly. It was necessary to represent 

the stiffened plates of the full scale structure by unstiff-

ened plates in the model and therefore it was not possible 

to scale down the extensional and flexural plate stiffnesses 

in the same proportions. The investigation was concerned 

more with the transverse distortional stresses in the boxes 

than with longitudinal stresses so it was decided to choose 

a model plate thickness which would provide the correct 

scale transverse flexural stiffness. This resulted in 

greater extensional stiffnesses of the plates and the inertia 

of the cross section was increased by l9.8%. 

The steel boxes were each manufactured from a single 

sheet of Birmingham Gauge 24 (0.02476 in.) mild steel which 

was folded around a specially prepared former to produce 

the box section. The boxes were formed so that there was 

a longitudinal joint along the centre line of the bottom 



89 

flange. At this location the distortional warping stresses 

and transverse distortional bending stresses are both 

theoretically zero and only vertical shears act across the 

joint. An adhesive with a high shear strength was used 

to bond 1 in. wide strips of 0.005 in. thick steel both 

inside and outside the-bottom flange to complete the joint. 

The strips gave sufficient area to provide the shear 

connection but added very little to the total inertia of 

the cross section. 

The model slab was made from the Araldite CY219 casting 

resin and sand mixture described in Section 2.5. The slab 

was cast in a steel mould and after curing the boxes were 

bonded to the under surface of the of the slab with an 

epoxy adhesive. The completed model is shown in Figures 69 

and 70 and the elastic properties of the model materials 

measured by tensile tests are given in Table 8. 

The bearings consisted of 1/2 in. diameter,1/32in.thick 

rubber pads mounted on columns instrumented to measure the 

support reactions. The columns were located on a heavy 

steel I-section girder which was supported about three feet 

above the laboratory floor. The moving loading frame also 

rested on the I-section with the load hanging beneath from 

the frame. The general testing arrangement is shown in 

Figure 71. The load, which was applied to a simulated HB 

vehicle of the correct scale, was chosen in the correct 
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proportion to give the same stresses in the model as would 

occur in the equivalent full scale structure so that the 

results would be directly meaningful. Thus for the correct 

stresses the bending moment scale was 1:27000 and the shear 

force scale was 1:900. The concentrated load scale was 

1:900 and the distributed load scale 1:30 for the same unit 

length. One HB wheel load of 11.25 tons was represented by 

a model load of 28 lb. and 45 units of HB loading (180 tons) 

was represented by 448 lb. 

Strains, deflections and reactions were measured experi-

mentally. The strains were measured in both the longitudinal 

and transverse directions by electrical resistance strain 

gauges bonded to the model surfaces. Gauge lengths of 3 mm 

were used on the steel and 5 mm on the Araldite and sand. 

Strain gauges were located at three cross sections which 

coincided with Sections 10, 12 and 14 of the FE mesh and 

the layout of these strain gauges is shown in Figure 72. 

The strain gauge readings were processed to give stresses 

in the longitudinal and transverse directions. Vertical 

and'horizontal deflections were measured with dial gauges 

having a resolution of 0.0001 in.. Sufficient deflections 

were measured at Sections 10 and 14 to define the movements 

of the four corners of each box so that the distorted shape 

of the cross section could be determined. Vertical deflec-

tions of the model were also measured above the support 
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positions so that the settlement of the rubber bearings 

could be allowed for in the comparison of theoretical 

and experimental results. 
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4.3 DESCRIPTION OF THE FINITE ELEMENT ANALYSIS 

The Imperial College Structural Analysis System 

(34) 
(ICSAS) 	was used to analyse the model. The mesh 

selected for the analysis consisted essentially of rectangu-

lar elements with triangular elements used only where the 

geometry made this necessary at the ends of the model. 

The stiffness matrix of the rectangular elements is a com-

bination of the stiffness matrix of the standard flexural 

element
(19) 

and that of a plane stress element developed 

spebially for box girder analysis
(20)

. The stiffness 

matrix of the triangular elements is a combination of the 

stiffness matrix of the standard flexural element(53)  and 

that of the standard plane stress element
(19) 

Figure 73 illustrates the mesh used in the analysis. 

The longitudinal mesh lines are the minimum required to 

define the geometry of the cross section and the support 

positions. Analytical tests on a single cell box(20) 

suggested that satisfactory accuracy would be obtained 

with this layout. These tests also indicated that only 10 

web elements were necessary along the span. 

The composite plates which formed the top flanges of 

the box girders were represented by equivalent homogeneous 

plates for which the appropriate value of Poisson's ratio 

v
eff

was given by 
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x v veff 	steel 	concrete 

and the thicknessteft  _and Young's Modulus Eeff 
 were then 

calculated from the simultaneous equations 

3 
%ffeff

2 	
D
composite 

12(1-veff) 

and 
E
effteff 

= 
c
composite 2 

(1-v
eff)  

where 
Dcomposite 

and 
 Ccomposite 

are the flexural and 

extensional rigidities of the composite plate. The elastic 

properties of the top flange plate used in the analysis were: 

veff= 0.261, 
 t

eff 
 = 0.356 in., 

Eeff= 
 3.95 x 106 p.s.i. 
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4.4 APPLICATION OF THE PROPOSED GRILLAGE-BEF ANALYSIS 

The idealisation used for the grillage analysis of 

the Merstham model is shown in Figure 74 and consists of 

a single longitudinal line of grillage elements along the 

centre-line of each box with stiff transverse members over 

the width of the boxes, and transverse members spanning 

between the edges of the boxes to represent the slab. The 

member properties used for the grillage analysis are listed 

in Table 9. 

A reduction factor R for the torsional stiffness of 

the longitudinal members was calculated from Equation 3.20 

and resulted in the initial use of GJ/16 for both lines of 

longitudinal elements of the grillage. 
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4.5 COMPARISON OF MODEL, FE AND GRILLAGE-BEF RESULTS 

The loading case used for the comparison is Load 

case 2 of Figure 75 which consists of an HB vehicle placed 

at its maximum eccentricity opposite one of the inner 

supports. Figure 76 shows FE and model test transverse 

distortional bending stresses aDB  at Section 12 together 

with the corresponding grillage-BEF stresses for a torsional 

stiffness of GJ/16. Grillage-BEF results for the full GJ 

case are also included for interest. A comparison of 

grillage-BEF deflections suggests a further reduction of 

the torsional stiffness of the unloaded box to GJ/25 and 

stresses aDB 
at Section 12 for the loaded box having GJ/16 

and the unloaded box having GJ/25 are also shown in Figure 76. 

Close agreement is obtained between the three methods 

for stresses in the loaded box. The grillage-BEF results 

overestimate the stresses in the unloaded box but further 

adjustments to the torsional stiffness suggested by a com-

parison of grillage-BEF deflections would reduce these 

stresses. It is interesting to note that a large reduction 

in torsional stiffness of the unloaded box from GJ/l6 to 

GJ/25 has a negligible effect on the behaviour of the loaded 

box. 

FE, model, and grillage-BEF transverse bending stresses 

a
DB 

at Section 10 are shown in Figure 77 and FE and grillage- 
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BEF stresses at Section 14 are shown in Figure 78. 

Stresses at both sections are in close agreement in the 

loaded box. A single grillage-BEF analysis is sufficient 

to obtain an accurate assessment of the stresses in the 

loaded box in which the maximum distortional stresses are 

obtained. A comparison of computer times for FE and grill-

age-BEF programs run on the University of London CDC6600 

Computer illustrates the advantage of the latter method in 

terms of cost. 

Analysis 	Computer time 	Computer 
method 	(seconds) 	storage 

FE 	1,420 	82K 

Grillage-BEF 	20 	50K 
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4.6 THE STRUCTURAL BEHAVIOUR OF THE UNDIAPHRAGMED MODEL 

Finite element results for three loading cases 

(Figure 75), including that used for the comparison of 

analysis methods in Section 4.5, were used to study the 

structural bahavioiar of the undiaphragmed model. FE 

deflections and fleXural components of transverse stresses 

for the three loading cases are plotted in Figures 79-81 

and 82-84 respectively. It was found to be useful to 

superimpose the deflections at several cross sections for 

any particular loading case so that the influence of the 

skew supports on the response of the complete structure can 

be seen more clearly. 

The support diaphragms prevent distortion of the box 

girders above the piers but the central bearing does not 

provide a torsional restraint. The torsional resistance is 

provided by the slab spanning between the box girder supports. 

Maximum vertical deflections occur under the outer web of 

the loaded box at Section 13 for Load cases 1 and 2. 

Considering the Load case 1 results, and progressing 

along the loaded box from the support diaphragm at Section 8, 

the deformations and distortional stresses increase rapidly 

away from the support. The maximum transverse distortional 

stress (8135 p.s.i.) occurs at Section 12 (Figure 82, Point A). 

There is a high differential deflection between the inner 
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webs of the two boxes opposite the inner support which 

reduces towards mid-span as the support at Section 18 is 

approached until, at Section 18, the distortions and 

deflections occur in the unloaded box only. The transverse 

slab stresses are high near the supports (Figure 82, Point B), 

where the differential deflection is large, and locally under 

the axles of the HB vehicle (Figure 82, Point C). The high 

differential deflection and large rotation at the diaphragmed 

inner support result in an upward deflection of the unloaded 

cantilever. 

The results for Load case 2 may be studied in a similar 

way. The differential deflections between the boxes opposite 

the inner support at Section 10 are now larger because the 

HB vehicle is opposite the support and at the position of 

maximum eccentricity. The rotation of the diaphragm is 

greater, the upward deflection of the cantilever is greater 

and the distortional stresses in the loaded box are also high. 

The maximum transverse distortional stress 	(11377 p.s.i.) 

occurs at Section 12 (Figure 83, Point D). Because of the 

high differential deflection, the maximum transverse slab 

stress is also larger and occurs where the slab joins the 

inner edge.of the box at the diaphragm (Figure 83, Point 3). 

The diaphragm prevents the relief of the slab stresses which 

occurs elsewhere where the distortion of the box reduces the 

otherwise rapid change of curvature in the slab at the edge 

of the box. 
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For Load case 3 the deflected shape is quite different 

and the differential deflections between the two boxes are 

low. The distortional stresses in the boxes are low 

(4086 p.s.i. maximum Figure 84, Point F), but the maximum 

distortions still occur near the inner supports at Section 

10 and 18. The upper surface of the slab is concave between 

the boxes and the structure tends to span between the inner 

supports with small uplift forces at the outer supports. 

The maximum transverse slab stresses occur at Section 14 

(Figure 84, Point G) under one of the axles of the HE vehicle. 

The results of all three loading cases show how the 

inner supports act as eccentric loads on the unsupported box 

producing large distortions of the cross section and corres-

pondingly large transverse bending stresses opposite the 

inner supports. 

The magnitudes of the model stresses are not high and 

their full significance is only realised when the full scale 

transverse moments, calculated from model stresses, are 

applied to the combined stiffener and effective width of 

plate section of the prototype structure. For the maximum 

model stress (11377 p.s.i.) the equivalent full scale stress 

approaches yield stress which is clearly unacceptable. 

Longitudinal stresses and transverse slab stresses are 

directly applicable to the full scale structure and with 

suitable steel reinforcement in the slab they can be readily 

catered for in the design. 



100 
	 100 

4.7 A STUDY OF VARIOUS DIAPHRAGMING ARRANGEMENTS FOR THE 

SKEW SUPPORTED MODEL 

The analysis of the undiaphragmed model described in 

4.6 showed that transverse distortional bending stresses 

reached unacceptable levels under working loads. Therefore 

a study was carried out using the FE program to evaluate 

the effects of different diaphragm layouts on the transverse 

distortional stresses in the box girders and the transverse 

stresses in the slab. The various diaphragm configurations 

considered are shown in Figure 85 and the results relating 

to these positions were also compared with the equivalent 

right bridge (Figure 86), with a span of 46.4 in., to isolate 

the effects of skew on the distortional behaviour. Bar 

elements in the-form of cross bracing were used to simulate 

the diaphragms as these could be introduced into the FE 

analysis without altering the remainder of the data for the 

program. The bar elements were proportioned to provide the 

same distortional stiffness as 1/2 in. plate diaphragms in 
I 

the full scale structure. The load positions used in the 

study were the same as those used in the original analysis 

of the undiaphragmed model as these were judged to approximate 

closely the critical positions for the various diaphragm 

configurations considered. The results of the study are 

summarised in Figures 87 to 89 which show the maximum transverse 

• 
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box and slab stresses for each diaphragm arrangement. 	The 

results have been presented also as cross-sectional plots 

in a report for the DoE South Eastern Road Construction 

Unit
(33) 

High transverse distortional bending stresses, 
cfDB' 

occurred in the box girders opposite inner skew supports. 

It would appear therefore that one possible modification 

which would restrict these stresses would be to provide 

diaphragming within the box in this region. To this end, 

the analysis of Diaphragm Layout 2, which incorporates cross 

bracing at Sections 10 and 18, was carried out. Figures 87 

to 89 show that the maximum a
DB in the loaded box is reduced 

from 11,377 p.s.i. for Load case 2 at Section 12 to 5,824 

p.s.i. for Load case 2 at Section 13 and the maximum a
DB in 

the unloaded box is almost unchanged (6,515 p.s.i. for the 

undiaphragmed case to 6,152 	- both for Load case 1 

at Section 13). However the maximum transverse slab stress 

at Section 10 for Load case 2 is increased from 951 p.s.i. 

to 1,511 p.s.i. and the latter value would be unacceptable 

in the full scale structure. The undiaphragmed box, due to 

its lack of distortional stiffness, can more readily follow 

the transverse deflected shape of the slab and therefore 

transverse moments are lower than those obtained when the 

distortion is prevented and a hard point is produced at the 

intersection of the edge of the box and slab. There are two 
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possible solutions to this problem. One is to remove the 

hard spot by moving the diaphragm in the loaded box away 

from the support so that there are not two diaphragms at 

the same section. The distortion is then resisted elsewhere 

and some distortion is allowed at the support section so 

that a compromise is obtained between the maximum box and 

slab stresses. The other solution is to prevent differential 

deflection of the two boxes at the support section by provid-

ing diaphragms between the boxes at these points and the 

transverse slab moments are then reduced to negligible 

proportions at that section. The latter solution has the 

disadvantage that the diaphragms interfere aesthetically with 

the clean lines of the underside of the structure. 

Both possible solutions were investigated with the FE 

program. Diaphragm Layouts 3 and 4 (Figure 85) were analysed 

in order to study the effects of moving the diaphragms away 

from the support sections and Diaphragm Layout 5 (Figure 85) 

simulates diaphragming between the box girders at support 

sections. 
• 

The results for Diaphragm Layouts 2,3 and 4 are summarised 

in Figures 87-89 and show how the transverse slab stresses 

at Section 10 decrease as the diaphragm is moved away from 

the support region. The maximum transverse slab stresses 

occur near the diaphragms (1,285 p.s.i. at Section 11 for 

Layout 3, 1,140 p.s.i. at Section 13 for Layout 4 - both for 
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Load case 2, c.f. 1,511 p.s.i. for Layout 2). The maximum 

aDB 
in both boxes are also reduced as the distortional 

spans decrease. 

The results for Diaphragm Layout 5 (bracing in and 

between the boxes at support sections) have also been 

incorporated into Figures 87-89. They show that although 

there is a considerable reduction in the transverse slab 

stresses at the support section, the maximum transverse slab 

stress for Load case 3 (1,068 p.s.i. at Section 14) is only 

marginally below that of other diaphragm layouts. The max-

imum a
DB 

is 5,791 p.s.i. 

The tesults show that, of the diaphragm configurations 

considered, Layouts 4 and 5 are the best solutions, the 

maximum transverse slab stresses being marginally higher- for 

Layout 4 and the maximum a
DB 

marginally higher for Layout 5. 

Diaphragm Layout 4 would appear to have the advantage in 

terms of cost and ease of fabrication. 

Diaphragm Layout 6 is a fully diaphragmed scheme with 

bracing both in and between the boxes at even numbered sections 

(see Figure 85). This layout is included as a similar arrange-

ment was considered by the SERCU when the results of the 

undiaphragmed test became available. Transverse stresses in 

both the slab and the box girders were low. While this 

stiffening system would be effective in limiting both trans-

verse slab and distortional bending stresses in the boxes 

to acceptable levels, the alternative solutions considered 
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in Diaphragm Layouts 2 to 5 suggest that a similar objective 

may be achieved with possible savings in fabrication costs 

and considerable savings in maintenance costs by the omission 

of diaphragms between boxes. 
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4.8 A COMPARISON OF THE SKEW STRUCTURE WITH A RIGHT 

SUPPORTED STRUCTURE OF EQUAL SPAN 

An equivalent right supported structure with a span 

of 46.4 in. (Figure 86) was analysed. The load cases were 

chosen to be symmetrical about midspan so that it was only 

necessary to analyse a quarter of the structure (loads were 

applied as symmetrical and antisymmetrical components which 

were superimposed to obtain the results for eccentric loads). 

This resulted in large savings in computer time and storage. 

The results of Load case 4 are comparable with those of 

Load case 3 on the skew structures, while those of Load case 

5 may be compared with Load case 1 on the skew structures. 

Two support systems were considered - Type A with a single 

support centrally below the box as for the skew structures, 

and Type B which has supports under both webs of each box 

at the pier positions. Thus the effects of resisting the 

torsional loading at the supports rather than by the slab 

spanning between the boxes could be investigated. The 

results of the analysis which are included in Reference 33 

show that the transverse slab stresses are higher for support 

Type A where :torsion is resisted by the transverse action 

of the slab, although for this structure differences are 

only marginal (maximum slab stress for Type A - 1,164 p.s.i., 

for Type B - 1,106 p.s.i., Figure 90). The boxes resist 

the rotation of the slab and consequently attract higher 
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stresses than if they were free to rotate. This is 

reflected by higher transverse slab stresses at the 

edge of the unloaded box for Load case 5 (Figure 91). 

It is interesting to compare the results of the 

analysis of Diaphragm Layout 5 (bracing at support sec-

tions in and between the boxes) with the results for the 

right bridge structure (Figures 90-91). The results for 

both structures show very similar behaviour, the main 

difference being the higher values of aDB for the right 

bridge structure which has a longer distortional span. 

This suggests that distortional effects in skew structures 

with bracing of the type used in Layout 5 could be evaluated 

by analysing a right supported structure with a span equal 

to the distance between inner skew supports. 
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CHAPTER 5: THE CONSTRUCTION, INSTRUMENTATION AND TESTING 

OF THREE LINEARLY ELASTIC BIFURCATED ELEVATED  

HIGHWAY BOX GIRDER MODELS  

5.1 INTRODUCTION 

5.1.1 General 

The program of construction for _elevated highway struc-

tures over the next ten years involves the expenditure of a 

considerable amount of public money. Consequently the need 

to identify the analytical methods which are the most effic-

ient in terms of accuracy, computer time, and costs from 

those which are already available and those which may be 

developed in the near future, is apparent. In particular, 

the special structural problems associated with elevated 

roads, especially in urban areas, such as decks which are 

sharply curved in plan, bifurcated junctions, and discrete 

randomly spaced supports, can only be tackled by a limited 

number of available computer programs, and very little 

experimental data exists against which the accuracy of such 

programs may be established. 

In 1968 a joint Ministry of Transport Bridge Engineering 
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Section and Road Research Laboratory committee was formed 

to investigate the structural problems associated with 

elevated highways. The first project undertaken by the 

committee was the testing and verification of analytical 

techniques so that a working suite of programs would 

eventually become generally available. 

The committee divided the verification work into four 

phases viz:- 

1. Comparison of analytical techniques with results 

of model tests on quadrilateral decks. Three types 

of decks were to be considered - 

(i) Solid reinforced concrete slab 

(ii) Voided reinforced concrete slab 

(iii) Stiffened composite steel and concrete deck. 

2. Comparison of analytical techniques with results of 

tests on four idealised, small scale, bifurcated 

bridge models in the linear elastic range. 

3. Comparison of analytical techniques with results of 

tests to loads above the normal working range on 

four larger scale micro concrete-steel bifurcated 

bridge models. 

4. Assessment of the results from first three phases 

and user testing of selected programs. 

This chapter describes-the manufacture, instrumentation 

and testing arrangement for the three models of Phase 2 of 

the abovd program which simulate different forms of box 

4 
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girder construction. The fourth model is of plate girder 

construction and is reported elsewhere(45,58,59)Test 

results for the box girder models are presented in Chapter 

Six. 

5.1.2 Junction Layout and Forms of Construction 

The models represent a bifurcated junction in a section 

of continuous elevated urban highway. Such a section was 

chosen as it incorporated many of the features which would 

normally not be amenable to conventional hand analytical 

methods. The models have identical plan layouts and span 

dimensions but are designed to represent alternative forms 

of construction. The full scale dimensions of the plan 

layout are shown in Figure 92. The spans and curvatures 

were chosen to be representative of those found in urban 

highway structures. The carriageway layout consists of four 

traffic lanes splitting into three and two lane carriageways 

at the bifurcation. 

The four alternative forms of construction reproduced 

in the models are: 

(i) Prestressed concrete spine box construction - 

Model 1 

(ii) Prestressed concrete multicellular construction - 

Model 2 
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(iii) Composite steel and concrete plate girder con-

struction - Model 3 

(iv) Composite steel and concrete box girder construc-

tion - Model 4. 

All the schemes represent viable economic alternatives 

for the spans considered. The three schemes described in 

this chapter ((i), (ii) and (iv) above) are of box girder 

construction, a form which lends itself particularly to 

curvature in plan and random support layouts on account of 

its high torsional stiffness. 
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5.2 MODEL SCALE AND MATERIALS 

5.2.1 Choice of Materials  

It was decided at an early stage that the most suitable 

materials for the construction of the models are an Araldite 

casting resin and sand mixture to represent concrete parts 

of the models and thin steel sections for steel parts of the 

models. The Araldite and sand material was described in 

detail in 2.4. 

5.2.2 Model Scale  

The choice of scale depended upon the following: 

(i) Minimum possible thickness of materials 

(ii) Minimum dimensions necessary for installation of 

the available instrumentation 

(iii) Magnitude of loads 

(iv) Size of loading and support rig in relation to 

grid of locating bolts on laboratory floor. 

After a series of experiments with the Araldite and 

sand material it was decided that the most suitable scale 

is 1:50. The minimum Araldite and sand thickness is then 

4.5 mm (0.1773 in) with a maximum sand grain size of 1.2 mm 

(0.0473 in). The tests showed that this material could be 

worked easily and that consistent elastic properties could 

be nbtPingtrl.. 
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5.2.3 Material Properties  

5.2.3.1 Araldite and Sand  

The matrix material is an epoxy casting resin 

(Araldite 219) manufactured by 	of Duxford, 

Cambridge. It consists of three parts - CY219 casting 

resin, a liquid of medium viscosity, HY219 hardener and 

DY219 accelerator, both liquids of low viscosity. These 

are mixed in the following ratio by weight. 

Parts by weight 

Araldite CY219 

Hardener HY219 

Accelerator DY219 

100 

50 

0-10 depending on 
desired curing 
time 

Two parts by weight of Accelerator DY219 were used for 

the model material. This gives up to two hours for casting 

and a curing time of two days at 20°C. 

The sand used was a fine builders sand passing B.S. 

sieve No. 14. This was mixed with the Araldite in the ratio 

of 4 parts sand : 1 part Araldite 219 using a small electric- 

ally powered mixer. 

Test specimens were made from each of the Araldite and 

sand mixes used for casting the model. The specimens were 

of three types - tension, compression and bending. Poisson's 

T'atio,,. and Young's Modulus, E, were.obtained for each of.the 
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specimens from strain gauge readings. TML electrical 

resistance strain gauges manufactured by Tokyo Sokki 

Kenkyujo Co. Ltd. of Tokyo, with gauge lengths of 3mm 

and 5mm and a nominal gauge factor of 2 were used. Strain 

gauges were bonded to opposite sides of each specimen using 

a special epoxy cement -(Flemming Services resin 104 and 

hardener 103). The longitudinal strains measured by the 

strain gauges were checked against readings from both Lambs 

and Amslers mechanical extensometers and good agreement, was 

obtained. 

Average values of E and v for each of the four models 

are given in Table 10 together with confidence limits. 

The average density of the material was found to be 2272 Kg/m
3 

(142 lb/ft3). The stress-strain relationship is linear up 

to 1000 pc in compression and 450 pe in tension. Above 

these values the creep rate becomes appreciable. The ultimate 

tensile strain varies between 600 pc and 800 pc and the 

ultimate compressive strain is approximately 7000 pc at a 

stress of approximately 80 N/mm
2 
(13000 p.s.i.). 

5.2.3.2 Steel  

The steel used for the manufacture of the composite 

models was cut froM cold rolled mild steel sheet. Table 11 

shows the Birmingham Gauge numbers and thicknesses of the 

material used. Tensile specimens were cut from each of the 
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sheets used and the elastic properties were measured in 

the same way as those of the Araldite and sand. Values of 

E and v may be found in Table 12. 
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• 
5.3 INSTRUMENTATION 

5.3.1 General  

The models were instrumented to measure deflections, 

strains and reactions. The instrumentation was concentrated 

at sections which were judged to be the most critical both 

from the magnitude and distribution point of view. In 

general, instrumentation was carried throughout the models 

so that at least one section in each span was fully instru-

mented and the outer spans were not used simply to provide 

continuity to the more interesting central bifurcated span. 

5.3.2 Deflections  

Previous experience at Imperial College has shown that 

dial gauges with a resolution of .0025 mm (.0001 in) are . 

sufficient for measuring the deflections of this type of 

model. However in view of the very extensive instrumenta-

tion on the models, it was considered essential to read 

the deflections electronically rather than visually. There-

fore special transducers were purpose made for this project 

by Research Models and Equipment of Twyford, Berks. They 

consist essentially of a 'tuning fork' arrangement of two 

cantilevers between which a conical plunger moves. The 

cantilevers have linear strain gauges on both sides and 

the total strain difference for the four gauges caused by 
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movement of the plunger can be converted by callibration 

to a deflection. The cantilevers are protected by a 12.7 mm 

(0.5 in) diameter tube and the complete transducer is about 

76 mm (3 in) long. The transducers are wired into four arm 

bridge circuits in an automatic data logger (see Section 5.3.5 

in such a way that total strain (in microstrain) is obtained 

for the four gauges. The resolution of the transducers is 

therefore 1 pe which is approximately equivalent to a 

deflection of .0012 mm (.00005 in). The exact locations 

of transducers for the models are described in Sections 5.5.3, 

5.6.2 and 5.7.3. 

5.3.3 Strains  

The T.M.L. electrical resistance strain gauges referred 

to in 5.13.1 were used throughout all four models for strain 

measurement. The gauges are of the polyester type which 

consists of a grid of copper-nickel alloy resistance wire 

on a supporting base impregnated with polyester resin. The 

features of this type of strain gauge are: 

(i) Far better insulation than paper backed gauge, 

therefore measurements are stable 

(ii) Easy in application and needs no pressure or heat 

(iii) Moisture proof 

(iv) The transparent base makes it possible to detect 

improper setting 
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(v) Heat resistant - no creep up to 80°C 

(vi) Insensitive to strains perpendicular to direction 

of gauge. 

The gauge factor is approximately 2.0 with a tolerance 

of ±1%. The gauge resistance is nominally 120 ohms with 

a maximum variation of resistance of 119.7 to 120.3 ohms. 

A gauge length of 3 mm was used throughout. This is 

the minimum size that will not be influenced by individual 

sand grains situated under the gauge, and enables localised 

stresses to be measured so that a complete stress distribu- 

tion may be obtained at any section. .- 

Uniaxial, biaxial and triaxial gauges were used. ' 

Rosette gauges (triaxial) were used where the principal 

stress directions were not known, cross gauges (biaxial) 

were used where stresses were only required in the longi- 

tudinal and transverse directions, and linear gauges (uniaxial) 

were used at positions of uniaxial stress in the plate girder 

model. In most locations gauges were bonded to both sides 

of the box walls or slab in order to separate in-plane and 

flexural components of stress. 

The adhesive used to bond the gauges to the model 

surface was a special gauge adhesive manufactured by Flemming 

Services. This consists of two parts - resin 104 and 

hardener 103 - which are mixed in the ratio 4:1. P.V.C. 

covered 10 strand, 0.1 mm miniature wire leads are used to 
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connect the strain gauges to the data logger. 

5.3.4 Supports  

The model supports are instrumented so that support 

reactions may be measured. The bearings consist of a 

10 mm (0.394 in) diameter pad of 0.794 mm (1/32 in) thick 

neoprene rubber which is designed to allow rotation and 

translation in the horizontal plane. The bearing pad is 

bonded to the model and to a 12.7 mm (1/2 in) diameter disc 

which is brazed to the top of the support column so that 

both tensile and compressive reactions may be transmitted 

to the column. The column itself consists of a 9.52 mm 

(% in) 0.D. 22 gauge mild steel tube which is 1 inch in 

height. Two biaxial strain gauges are bonded to the outer 

surface of the column at diametrically opposite positions. 

A state of vertical uniaxial stress in the column produces 

horizontal Poisson's ratio strains and the leads from the 

four strain gauge elements are wired into a four-arm 

bridge circuit of the data logger in a similar fashion to 	I 

the transducers such that the strains are additive. This 

gives a resolution of 11E for the four gauges, and the 

support columns (together with the bearing pads) were 

calibrated for reaction and vertical deflection using a 

proving ring and transducers. This gave a calibration of 

approximately 1 pc equivalent to a force of 17N (3.8 lbf) 
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and vertical deflection of .00012 mm (.00005 in). Exact 

calibration values were used to process the results of 

tests. 

The base of the tubular column is brazed to a 1 in. 

square base plate which is bolted to the top of the support 

rig. The support rig itself consists of steel frames which 

are bolted to the laboratory floor under each pier position. 

The top of the support rig is 4 ft above the floor so that 

there is ample room for mounting vertical deflection gauges 

beneath the models and placing leads from the instrumentation 

to the data logger leaving the top surfaces of the models, 

which are at convenient working level, clear for the placing 

of loads. A general view of the support rig arrangement 

with one of the models in position is shown in Figure 93. 

5.3.5 Data logger  

Two data logging systems were used for this project - 

a 300 channel Solartron logger and a 500 channel Compulog. 

Both systems incorporate fast scanning speeds, analogue to 

digital conversion, print out and punch tape output so that 

temperature changes do not affect the measured parameter 

values during the scanning period. Strain gauges, transducers 

and support columns are permanently wired into 25 channel 

Amphinol plugs which are plugged into 'active' sockets in 

the rear of the loggers. For every 'active' gauge there is 

a temperature compensating dummy gauge which is bonded to a 
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similar material (Araldite and sand or steel) and kept at 

a constant state of strain. The dummy gauges are generally 

housed in boxes of 25 and then connected to the 'dummy' 

sockets of the logger. 

The 300 channel logger was used for Model 1 (spine 

beam construction) and the 500 channel system, which was 

brought into commission during this project, was used for 

the remaining models. Neither system has sufficient channels 

to read all the gauges on any one model so it was decided 

to separate the gauges into two groups - main stress gauges, 

and secondary stress gauges - which were wired into separate 

plugs. The main stress gauges are key gauges at each section 

which provide the longitudinal extreme fibre stresses at 

selected points in the cross section and which were read for 

every load case. The gauges can be considered as recording 

the overall behaviour of the models. The secondary stress 

gauges are the remainder and provide detailed stress distribu-

tions at each section. It was only necessary to measure 

'secondary' strains at sections in the region of applied 

loading. In this way it was possible to obtain an overall 

stress distribution and detailed stress distributions at 

key sections. 
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5.4 LOADING 

5.4.1 Types of Loading  

The following types of loading were considered: 

(i) Dead weight 

(ii) Uniformly distributed lane loading 

(iii) HB vehicle loading 

(iv) Knife edge loading 

(v) Point loading 

(vi) Settlement of supports 

A summary of the load magnitudes may be found in Tables 13 

and 14. 

5.4.1.1 Dead Weight and Uniformly Distributed Lane Loading  

These were both simulated by one loading arrangement. 

The traffic lane positions are marked out on the top surfaces 

of the models (dimensions in Figure 94). Loading pads were 

shaped to fit between the lane markings. The pads consist 

of 12.7 mm (1/2 in) plywood bonded to 3.2 mm (1/2 in) dense 

sponge rubber. A steel disc locates in a hole in the top 

of the pad and load hangers rest in a conical depression in 

the disc. The pads are the same width as the lanes and 

approximately square so that there are 11 pads along each 

lane of the outer spans and 16 pads along the lanes in the 
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bifurcated span (except lane 3A - see Figure 94). For 

any particular lane of each span the pads have the same 

centre line arc length so that the pad area is constant. 

Loads were applied to the pads in lane-span units so 

that 14 load cases were necessary to cover the complete 

carriageway area (Figure 95). Results are presented for 

the scale HA uniformly distributed loading for the full 

scale lane lengths (Knife edge loading separately). The 

intensities of loading for the 14 load cases are given in 

Table 13. The results may be combined therefore to obtain 

any desired combination of lane loadings and if all the 

results (multiplied by suitable factors) are summed, the 

dead load stresses may be closely approximated. 

5.4.1.2 HB Vehicle Loading  

A scale simulated HB vehicle was constructed with wheel 

dimensions as shown in Figure 96. This was loaded with the 

scale HB load of 721 N (162 lbf) for which results are given. 

One HB loading case was carried out for each lane of each 

span resulting in 14 load cases for Model 1. For subsequent 

models one HB loading case was carried out for each outer 

span and four were carried out for the bifurcated span. For 

Model 1 the HB vehicle was placed symmetrically about the 

midspan of each lane of the outer spans (see Figure 97). 

The positions of the HB vehicle in the bifurcated span vary 
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for the four models because of the different web positions 

and are shown in Figures 97-99..  

5.4.1.3 Knife Edge Loading 

The knife edge consists of a steel bar, 12 mm (0.5 in) 

deep, 6 mm (0.25 in) wide and with a length equal to the 

lane width, bonded to a pad of 2 mm (.08 in) thick rubber 

which rests on the model. Results are presented for a 

model knife edge load of 222.5 N (50 lbf). The knife edge 

was applied to each model at four positions in the bifurcated 

span (see Figures 100-102). 

5.4.1.4 Point Loading  

The point loading pad consists of a steel disc 10 mm 

(0.39 in) diameter bonded to a pad of 3 mm (0.125 in) thick 

rubber which rests on the model. Results are presented for 

a model point load of 222.5 N (50 lbf). The point load 

positions are shown in Figures 103-105. 

5.4.1.5 Settlement of Supports  

This loading case is simulated by loading directly 

above a support column. The columns are bolted to the top 

of the support rig so that metal shims can be introduced 

below the columns. The settlement is ,  made up of a differential 
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level of the support columns due to the shims plus the 

deflection of the rubber bearing pad due to loading 

directly above the bearing. The locations at which this 

procedure was carried out are shown in Figures 106-107. 

5.4.2 Loading Rig  

The loading rig consists of a mobile gantry which 

straddles the model and incorporates a hydraulic jack for 

lifting .and placing the loads. The jack is suspended from 

the centre of the gantry cross member and is operated by a 

hand pump which is attached to one of the gantry legs. The 

load which is in the form of a yoke is suspended below the 

jack with a cord and spring linkage. As the hydraulic 

pressure in the jack is released the load falls gently 

until a conical pin below the centre of the yoke locates in 

a conical depression in the loading pad and the linkage 

becomes slack. A general view of the loading rig is shown 

in Figure 108. 

The lane loading tests require a number of loads to be 

placed simultaneously. For these tests a plate, which has 

holes drilled directly above the centres of the loading pads, 

is suspended below the jack. A separate yoke is suspended 

via a cord and spring linkage from each hole and the complete 

plate is then raised or lowered by the jack. 
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5.4.3 Loading Procedure  

Preliminary tests were carried out on each model to 

check the operation of the instrumentation and to establish 

the locations and magnitudes of critical strains so that 

the model would not be damaged. The instrumentation was 

checked by taking successive readings at zero load and 

checking for drift in gauge readings. Then alternate pads 

were loaded in lane-span units to establish the critical 

strain positions and from this the maximum load which could 

be applied to complete lane-span units, was determined. 

The loads which were finally used in the lane loading tests 

were 178N (40 lbf) per pad on the outer spans and 89N (20 lbf) 

per pad on the bifurcated span but results are presented 

for the loadings shown in Tables 13 and 14. The test loads 

resulted in maximum strains of approximately 400 pc in the 

Araldite and sand. 

Each load case test consisted of readings taken for 

the following sequence of loads: 

00 LL 00 LL 00 

where 	0 represents one set of readings at zero load 

L represents one set of readings with the load 

applied to the model. 

This sequence includes two complete loading cycles, 

readings with which drift checks can be carried out, and 
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duplicate readings in case of spurious readings due to 

transient electronic faults. On application or removal 

of the loading a period of two minutes was allowed to 

elapse before readings were taken. A further period of 

two minutes was then allowed to elapse before the second 

set of readings were taken and then the loading was 

removed or reapplied. This ensured that any time dependent 

effects would be exposed. A detailed explanation of the 

interpretation of results from this loading sequence is 

given in Chapter Six. 
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5.5 MODEL 1 - CONCRETE SPINE BEAM CONSTRUCTION 

5.5.1 Manufacture of Araldite and Sand Components  

The dimensions of the model are shown in Figures 109-

112. The top flange, including portions of the webs down 

to the bottom of the top corner haunches and the bottom 

flange up to the top of the bottom corner haunches, were 

each cast in one piece and the constant thickness portions 

of the webs were cast separately in flat sheets which were 

cut to the required depth and then formed to the correct 

curvature. The flat strips were placed on a curved steel 

former which was then heated in an oven to 100oC at which 

temperature the web strips took up the curvature of the 

former. The curvature of the former could be very accurately 

controlled by adjustment of a threaded tie bar. The web 

strips were weighted with bags of lead shot while cooling 

so that the correct shape was retained. Tests were carried 

out to check that the material properties were not altered 

by the heating process. Specimens treated in the following 

ways were cut from the same sheet and tested: 

(i) Unheated 

(ii) Heated but not curved 

(iii) Heated and curved, then cooled and reheated to 

flatten out for testing 
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No significant difference was observed between the proper- 

ties of all three specimens. 

Diaphragms were also cut from a flat sheet of Araldite 

and sand and shaped using a compressed air driven diamond 

grinder. 

The dimensional accuracy of all the Araldite and sand 

components was carefully checked before assembly of the 

model commenced and was found to be within ± .127 mm (.005 in). 

5.5.2 Sequence of Assembly and Instrumentation 

The strain gauges located inside the boxes on the top 

and bottom flanges were fixed in position first. The under-

side of the top flange is shown in Figure 113. The webs 

were then cut to length and clamped to the bottom flange 

so that the positions of instrumentation on the webs could 

be made coincident with those on the flange. The webs were 

then instrumented on both sides and, together with diaphragms, 

were then bonded to the bottom flange. The adhesive used 

was an Araldite epoxy glue consisting of AV100 resin and 

HV100 hardener mixed in equal parts. Photographs taken at 

this stage of construction are shown in Figures 114-116. 

These show the mass of instrumentation and wiring, and the 

wooden clamps and web spacers which were removed before 

fixing the top flange. Wires from instrumentation inside 

the outer spans were brought out through grooves cut in the 
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top of the end diaphragms and wires from the bifurcated 

span were brought out through grooves cut in the tops of 

the webs at sections away from the gauge positions. With 

all the internal instrumentation complete the top flange 

was bonded to the tops of the webs and finally exterior 

instrumentation was located on the flanges. 

5.5.3 Layout of Deflection Gauges and Support Positions  

The locations of instrumented sections are shown in 

Figure 117. Deflections were measured at all sections 

except 1-1, 4-4, 5-5, 8-8 and 12-12 which are positions 

where strain gauges measured web and diaphragm shears. 

At support sections vertical deflections were measured 

directly above the support columns providing a check on 

the calibration of the columns, and the horizontal deflec-

tions at the lower flange level of the box were also measured. 

At Sections 2-2, 5-5, 7-7, 10-10 and 14-14 sufficient 

deflections were measured to define the movements of the 

box corners. In general this consisted of vertical deflec-

tions below the web centre lines and horizontal deflections 

at the top and bottom flange centre line levels. 

Two support columns are positioned at the extremity of 

each arm of the structure providing torsional restraints. 

Single columns only are provided at intermediate supports 

(Sections 3-3, 9-9 and 13-13) with no torsional restraint. 
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The philosophy behind this support layout is to make use 

of the high torsional stiffness of the box section to 

carry torsional moments to the abutments of the structure, 

with the result that intermediate supports need carry only 

vertical loads and are, therefore, simpler and consequently 

cheaper. 

5.5.4 Layout of Strain Gauge Positions  

Strains were measured at all sections shown in Figure 113 

except Sections 0-0, 11-11 and 15-15. The layout of strain 

gauges at a typical instrumentation section is shown in 

Figure 118. The exact locations of all the gauges are given 

in Reference 45. A total of 724 strain gauge elements, (143 	4 

main stress elements and 581 secondary stress elements), 

were measured on this model. 

Triaxial strains were measured at Section 1-1 at the 

mid-point of each wall to provide some indication of shear 

flow around each cell at this position of maximum torsional 

moment. Sections at the mid-point of all three outer spans 	4 

were fully instrumented with biaxial gauges measuring strains 

in the longitudinal and transverse directions (Sections 2-2, 

10-10 and 14-14). Main stress gauges are located above and 

below the centre lines of the webs and these give longitudi- 

nal stresses for all loading cases. Secondary stress gauges 

are located on both sides of each wall near the corners of 
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boxes giving a complete sectional distribution of longi- 

tudinal and transverse stresses near the position of 

maximum distortional and longitudinal stresses. Main 

stresses are measured at the intermediate support Sections 

3-3, 9-9 and 13-13 with biaxial gauges. 

The central bifurcated span is gauged more fully-than 

the outer spans. Triaxial main and secondary stress gauges 

are located at Sections 5 and 6 (before and after the 

bifurcation) providing longitudinal, transverse, and prin- 

cipal stresses. These sections are mid way between diaphragms 

at positions of maximum cross-sectional distortion. Vertical 

shears are measured in the webs at Sections 4-4, 8-8 and 

12-12 near the intermediate support positions. The diaphragms 

and webs at Section 5-5 are instrumented with triaxial gauges 

to determine the shear distribution before, through, and 

after the diaphragms so that the load distributing action 

of the diaphragms can be compared with that of the box sections. 
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5.6 MODEL 2 - CONCRETE MULTICELL CONSTRUCTION 

The dimensions of the model are shown in Figures 119-122. 

Casting of the flange and web pieces was carried out in the 

same way as Model 1 (see Section 5.5.1). The Polyfilla 

mould is shown in Figure 123, the casting process is shown 

in Figures 124 and 125 and the underside of the cured top 

flange casting after extraction from the mould is shown in 

Figure 126. 

5.6.1 Sequence of Instrumentation and Assembly  

This was similar to that of Model 1 (see Section 5.5.2). 

It commenced by the forming of the web sections to their 

correct radii. The strain gauges were then bonded to the 

inside surface of the bottom flange and both surfaces of 

the webs were bonded to the bottom flange (Figure 127). The 

same adhesives were used as for Model 1. All the wires from 

the internal gauges were brought out through the ends of. the 

model through holes in the diaphragms. The top flange was 

then bonded to the webs and finally the instrumentation of 

the underside of the bottom flange was completed (Figure 128). 

5.6.2 Layout of Deflection Gauges and Support Positions  

The locations of instrumented sections are shown in 

Figure 129. Deflections were measured at all sections except 
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4-4, 7-7 and 11-11 which are sections where strain gauges 

measured web shears. Deflection gauges were deployed in 

similar positions as for Model 1. At support sections 

vertical deflections were measured directly above the support 

columns and horizontal deflections were measured at the 

lower flange level. Elsewhere the horizontal and vertical 

deflections of the box were measured. 

The support system is similar to that of Model 1 with 

twin support columns at the extremity of each arm of the 

structure and single columns at intermediate support sections. 

5.6.3 Layout of Strain Gauge Positions  

Strains were measured at all sections shown in Figure 129 

except Sections 1-1, 10-10 and 14-14. The layout of gauges 

at a typical section is shown in Figure 130. A more detailed 

description of the location of instrumentation is given in 

Reference 45. A total of 1411 strain gauge elements (172 

main stress elements and 1239 secondary stress elements), 

were measured on this model. 

The deployment of strain gauges on Model 2 was similar 

to that on Model 1. Main stress gauges are located above 

and below selected web centre lines at all strain gauged 

sections except 4-4, 7-7 and 11-11. At the latter sections 

vertical shears are measured in the webs. Biaxial gauges 

are used at Sections 2-2, 9-9 and 13-13 (located at midspan 
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positions) to obtain cross sectional distributions of 

longitudinal and transverse stresses and triaxial gauges 

are similarly used at Sections 5-5 and 6-6 in the bifur-

cated span. 
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5.7 MODEL 4 - COMPOSITE BOX GIRDER CONSTRUCTION 

5.7.1 Manufacture of Steelwork  

The dimensions of the model are shown in Figures 131-

134. The design calls for open topped steel boxes, each 

of which was made from seven components.. The webs were 

made in the form of channel sections with outstands of 

5 mm to which the flange plates were bonded. The web 

thickness of 0.508 mm was designed to satisfy the require-

ments of BS153 for unstiffened webs. The outstand was 

restricted to 5 mm by the cold rolling process used to 

shape the web sections to their correct radius. 5 mm by 

5 mm angles of 0.508 mm thick steel were bonded to the 

outside of the webs at the top to carry the upper flange 

plates which were cut to the desired radii from flat sheets 

of steel. The widths of the top flange plates vary to 

obtain the correct flange area so that the upper surface 

of the boxes was kept flat for bonding to the slab. Bottom 

flange plates were also cut to the correct radii from flat 

steel sheets and the thickness was varied to obtain the 

desired flange area. Each complete box was made from several 

lengths joined together. Joins in the various components 

were staggered and cover plates were bonded over the join 

to ensure continuity. In the support sections a single 

longitudinal stiffener is bonded to the longitudinal centre 
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' line of each box. The stiffener consists of a 3 mm x 3 mm 

x 0.508 mm angle. Transverse stiffeners 5 mm wide and 10 mm 

deep were cut from an Araldite and sand sheet and are located 

at 30 mm centres on the bottom flange in the support sections. 

Diaphragms were also cut from 5 mm Araldite and sand sheets 

and have 10 mm diameter holes through which wires from internal 

instrumentation pass. 

5.7.2 Sequence of Instrumentation and Assembly 

The webs, top flange angles and top flange plates, dia-

phragms and bottom flange stiffeners were assembled first. 

The adhesive used throughout this model was Devcon 101 with 

Devcon 'Flex' hardener mixed in the ratio Resin 101:Flex of 

5:-1. This adhesive gives a much higher peeling strength 

than ordinary Devcon 101 and is necessary for connections 

at the corners of the boxes where high transverse moments 

occur. Before the bottom flange plates and the slab were 

located, all the strain gauges were bonded in position except 

those on the upper surface of the top flange. The 4.5 mm 

thick slab was then clamped to a level surface with its under-

side uppermost and the steelwork (without bottom flange plates) 

was fixed in position. Wires from internal instrumentation 

were threaded through the holes in the diaphragms before the 

bottom flange plates were fixed in position. Finally the 

upper surface of the slab was gauged. 
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Figures 135-138 show Model 4 during construction. In all 

these photographs the steelwork was laid on the slab for 

visual effect and the bottom flange plates were also laid 

in position for Figure 138. Final fixing did not take 

place until the instrumentation was in position as described 

above. Figure 136 shaw6 the bottom flange stiffening in 

the support region. Figure 137 is a close-up of the bifurca-

tion showing how the shear from the bifurcated web is trans-

ferred by diaphragm to the webs of the central box. Figure 

138 shows the bottom flange plates in position and the 

bottom flange cover plates in the support regions can also 

be seen. 

5.7.3 Layout of Deflection Gauges and Support Positions  

The locations of instrumented sections are shown in 

Figure 139. Vertical deflections are measured under each 

web at Sections 3-3, 5-5, 6-6 and 11-11. Horizontal 

deflections of the slab are measured at these sections and 

horizontal deflections of the bottom flanges are measured 

at undiaphragmed sections (6-6 and 11-11). 

The support layout is similar to that of Models 1 and 

2 with twin columns at the ends of each arm of the structure 

providing torsional restraints, and single columns at 

intermediate piers. 
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5.7.4 Layout of Strain Gauge Positions  

Strains are measured at all sections shown in Figure 139 

except 1-1, 9-9 and 12-12. The layout of strain gauges at 

a typical section is shown in Figure 140. A total of 603 

strain gauge elements (208 main stress elements and 395 

secondary stress elements) are measured on this model. 

Main stress gauges measure longitudinal stresses at 

the, box corners at all strain gauge sections. Where possible 

these gauges are used in conjunction with gauges on the 

opposite side of the box wall to measure secondary stresses. 

At undiaphragmed sections (2-2, 6-6 and 11-11) biaxial or 

triaxial (Section 6-6) strains are measured on both sides 

of the walls at each box corner giving a detailed distribu-

tion of longitudinal and transverse stresses. 
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CHAPTER SIX: RESULTS OF THE BIFURCATED ELEVATED HIGHWAY  

MODEL TESTS  

6.1 GENERAL 

The results of tests on the bifurcated elevated high-

ways models, the manufacture, instrumentation and testing 

of which were described in Chapter Five, are presented in 

this Chapter. The testing program incorporated some 30 to 

40 tests on each model and the test data and results are 

presented in ten reports (45,54-62) 
which include some 4000 

diagrams. No attempt has been made to reproduce all the 

information in this thesis but representative diagrams 

which illustrate particular aspects of the structural 

behaviour are included. The behaviour of the models is 

studied with particular attention being given to the 

cross sectional distributions of longitudinal and transverse 

stresses, secondary warping, distortion of the box cross 

section, principal stresses, deflections and internal 

diaphragm behaviour. 
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6.2 ACCURACY OF RESULTS 

6.2.1 Testing procedure and calculation of strains 

Each load case test consisted of readings taken for 

the following sequence of 'loads (see also 5.4.3): 

00 LL 00 LL 00 

where 	0 represents one set of readings at zero load 

L represents one set of readings with the load 

applied to the model. 

This information is provided by the data logger in 

the form of punched tape which is processed by one of a 

number of computer programs available at Imperial College. 

Having read the. strain data, the average strain differences 

for each of the two loading cycles are required. This 

process is illustrated by Figure 141. The values of each 

pair of readings (e.g. 00 or LL) are compared and the 

average values are printed out (e.g. 0, L, etc.) and where 

differences occur they are categorised and printed out. 
-•• 

For these tests, drift limits of 5 pc and 20 pewere used so 

that the gauge numbers of strain gauge elements that drifted 

between 5 lie and 2011E, and those that drifted more than 20pc, 

on any pair of readings, were listed. The mean values of 

the averages of the first and second pair of zeros were 
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then taken and printed out (0i) together with drifting 

gauge numbers. These mean values were subtracted from 

the average of the first pair of loads (L1  - 0,) to give 

the factored strains (EI
) for the first load cycle. A 

similar procedure was followed for the second and third 

pairs of zeros (02 and 03
) and the second pair of loads 

(L2
) so that the factored strains for the second loading 

cycle were obtained (Eli). The factored strains (s1 
and 

c
II

) were then multiplied by the gauge factor to obtain 

the actual strains which were used to calculate stresses. 

6.2.2 Analysis of strain gauge faults and drifting  

Before results were plotted the readings from gauges 

which drifted more than 2011E were rejected. Almost in-

variably any particular gauge only drifted on one of the 

loading cycles in which case the results from the other 

loading cycle were used, but in the small number of cases 

where this was not possible the model was retested. If 

gauges failed during the tests in general they were replaced 

but if this was not possible notes to this effect are 

attached to the results diagrams. 

The maximum error due to drift for a gauge drifting 

between 5 and 20pE on successive scans at the same load 

or on averages of successive pairs of zero readings can be 
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shown to be 14 pe and the maximum error due to drift for a 

gauge drifting both on successive scans and successive 

zeros is 21PE. Maximum measured strains were of the order 

of 4001-1E. 

6.2.2.1 Analysis of strain gauge faults for Model 1  

Out of a total of 580 strain gauge elements on this 

model, two failed and could not be replaced. The results 

of four of the lane loading tests were chosen at random 

and an analysis was made of drifting. It was found on 

average that 1.2% of gauges drifted between 5 PE and 20pc 

on successive readings at the same load, 2.3% of gauges 

drifted between 5PE and 20 p6 on averages of successive pairs 

of zero readings and only 0.7% drifted on both successive 

readings, and the averages of successive pairs of zero 

readings. The results of six of the other tests (three HB, 

two point load, and one knife edge) were also scrutinised 

for gauge drifting and it was found on average that the 

corresponding figures were 0.75%, 2.61% and 0.61% respectively. 

6.2.2.2 Analysis of strain gauge faults for Model 2  

Out of a total of 1239 strain gauge elements on this 

model, three failed and could not be replaced. Similar 

checks to those described in 6.2.2.1 for Model 1 were carried 
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out and resulted in the following figures: 

For lane loading: 

1.6% of gauges drifted on successive readings at the same 

load 

3.1% of gauges drifted on the averages of successive pairs 

of zeros 

0.9% of gauges drifted on both successive readings and 

successive pairs of zeros. 

For HB, point and knife edge loads, the figures were 0.9%, 

3.4% and 0.4% respectively. 

6.2.2.3 Analysis of strain gauge faults for Model 4  

Out of a total of 394 strain gauge elements on this 

model, three failed and could not be replaced. Similar 

checks to those described in 6.2.2.1 for Model 1 were 

carried out and resulted in the following figures: 

For lane loading: 

0.9% of gauges drifted on successive readings at the same 

load 

18.3% of .gauges drifted on the averages of successive pairs 

of zeros 

0.3% of gauges drifted on both successive readings and 

successive pairs of zeros. 
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For HB, point and knife edge loads, the figures were 0.7%, 

18.8% and 0.2% respectively. In view of the large number 

of gauges drifting on the averages of successive pairs of 

zeros a further analysis of these results was made which 

showed that only 1.6% of gauges drifted between 10 pa and 

20 1.16 on the averages of successive pairs of zeros. 

6.2.3 Support reaction checks  

The sum of the measured reactions was compared with 

the total applied load. For Model 1, the maximum error in 

reactions was 4.6% for Load case 9 and the average error 

for all load cases was 2.2%. 4.6% represents an average 

error of 2 paper support column. For Model 2, the maximum 

error in reactions was 5.8% for Load case 8 and the average 

error was 2.5%. 5.8% represents an average error of less 

than 3 pa per support column. For Model 4, the maximum 

error in reactions was 4.3% for Load case 8 and the average 

error was 1.6%. 4.3% represents an error of less than 2 pc 

per support column. 

6.2.4 Moment equilibrium checks  

The average stress values were checked at several 

sections by comparing the moment calculated from the stress 

results with the moment calculated from the reactions and 

applied loading. 
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6.2.4.1 Moment equilibrium checks for Model 1  

The moment at midspan AB for Load case 1 calculated 

from the reactions given in Figure 142 and the applied 

loading is 40858 N.mm. and the moment calculated from the 

longitudinal stresses given in Figures 143 and 144 is 

40044 N.mm which represents an error of 2%. The moment 

at midspan AB for Load case 20 calculated from the 

reactions given in Figure 145 is 85282 N.mm. and the 

moment calculated from the longitudinal stresses given in 

Figure 146 and 147 is 86651 N.mm. which represents an 

error of 1.6%. Similar checks were carried out for 

several load cases and the average error was found to be 

2.9%. 

6.2.4.2 Moment equilibrium checks for Model 2  

The moment at midspan AB for Load case 1 calculated 

from the.reactions given in Figure 148 is 37839 N.mm. and 

the moment calculated from the lohgitudinal stresses given 

in Figures 149 and 150 is 38159 N.mm. which represents an 

error of 0.85%. The moment at Instrumentation Section 5 

for Load case.22 calculated from the reactions given in 

Figure 151 is 57616 N.mm. and that calculated from the 

longitudinal stresses shown in Figures 152 and 153 is 

59014 N.mm. representing an error of 2.4%. A number of 

similar checks were carried out at other sections and the 

awNrage, (hrrnr  w7-1c found  to he  9.5%. 
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6.2.4.3 Moment equilibrium checks for Model 4 

Equilibrium checks were carried out for Load cases 1 

and 16 on this model. For Load case 1 at Section 3 the 

moment calculated from the reactions of,Figure 154 is 

34969 N.mm. and that calculated from the longitudinal 

stresses of Figure 155 is 36441 N.mm. which represents an 

error of 4.21%. For Load case 16 at Section 3 the moment 

calculated from the reactions of Figure 156 is 98525 N.mm. 

and that calculated from the longitudinal stresses of 

Figure 157 is 103273 N.mm. representing an error of 4.8% 
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6.3 PRESENTATION OF RESULTS 

Stress and deflection results are presented in the 

form of cross sectional plots produced by a computer 

program which makes use of the various plotting facilities 

of the University of London and Imperial College Computer 

Centres. The program draws a line skeleton of the cross 

section, plots the stresses at strain gauge positions in 

graphical and numerical form and writes titles, figure 

numbers, etc. 

6.3.1 Plotting scales and units  

The cross section is plotted to a scale of 0.52 full 

size which was convenient for the paper size and means 

that figure heights are exact multiples of plotter increments. 

Stresses are plotted to a scale of 10.41 mm = 1 N/mm
2 for 

stresses in the Araldite and sand material and 10.41 mm = 

10 N/mm
2 for stresses in the steel parts of Model 4. 

Deflections are plotted to 52 times full scale. These 

scales should not be used to calculate stress and deflection 

values as there is a slight magnification of the diagram 

during reproduction. The numerical values of all stress 

and deflection results are given on the diagrams, stresses 

being given in N/mm
2 units and deflections in millimetres. 

Support reactions are plotted on a plan drawing of the 
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model adjacent to the support positions and numerical 

values of the reactions are given in Newtons above the 

vertical support deflection in millimetres (negative 

values denote uplift). 

6.3.2 Description of result diagrams  

At each strain gauged section several diagrams are 

used to show the results, each showing a different type 

of stress or stress component. The system of main and 

secondary stress gauges was described in Chapter Five and 

the result of this system is that only longitudinal stresses 

are plotted at key points at the majority of cross sections 

for each load case. At sections in the region of the 

applied load a more detailed distribution of longitudinal 

and transverse stresses, and in some cases principal and 

shear stresses, is plotted._ 

6.3.2.1 Figures showing longitudinal stresses at extreme  

fibres  

The main stress gauges are located on the centre lines 

of each of the webs. Longitudinal main stresses are 

calculated from longitudinal and transverse strains and are 

plotted on vertical lines extending above and below the webs. 

Stress results are joined with straight lines, the only 

purpose of which is to emphasize the overall stress distribu-

tion. The sign convention is that given in 6.3.2.5. 
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6.3.2.2 Figures showing in-plane and flexural components  

of longitudinal and transverse stresses  

Where gauges are located on both sides of the box 

walls, in-plane and flexural components of longitudinal 

and transverse stresses are calculated. The in-plane 

component of longitudinal stress is equivalent to the longi-

tudinal stress at the centre of the wall. The flexural 

component of longitudinal stress includes the effects of 

stress gradient due to eccentricity from the neutral axis, 

the effects of secondary warping and those of local bending 

under applied loading. Transverse stresses are joined by 

straight lines which are linearly extrapolated to the flange-

web intersections where discontinuities occur. The sign 

convention is that given in 6.3.2.5. 

6.3.2.3 Figures showing principal stresses, maximum shear  

and the direction of maximum principal stress, and  

figures showing transverse or vertical shears  

At each secondary stress rosette (triaxial) strain 

gauge position results are plotted for gauges on the positive 

surface of each wall as defined in 6.3.2.5. Four results 

are given for each gauge and these are listed as follows: 
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Maximum principal stress 	a1 

Minimum principal stress 	a2 

Maximum shear stress 	T
12 

Clockwise angle from diagonal 
. element direction to direction 
of a1 (in degrees) 	

6
1 

The magnitudes of transverse or vertical shear stresses 

are plotted adjacent to the strain gauge position. 

6.3.2.4 Figures showing deflection 

The horizontal and vertical deflections of the corners 

of the boxes are plotted using the scales given in 6.3.1. 

Deflections are plotted relative to the undeflected cross 

sectional profile which is shown on the diagrams. The 

deflected positions of the box corners are joined by straight 

lines which have no meaning other than to emphasize corner 

deflections. Figures adjacent to the deflected position of 

the box corners give the magnitudes of the deflections in 

millimetres, the vertical deflection value being given 

above the horizontal value. 

6.3.2.5 Sign convention for stress diagrams  

Tensile stresses are positive, compressive stresses 

are negative. Positive stresses are plotted outside the 
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boxes and above the top flange. For internal webs in the 

twin cell sections of Model 1 and throughout Model 2, 

positive stresses are plotted to the right of the web (i.e. 

on the inside of the curve). 
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6.4 RESULTS OF TESTS ON MODEL ONE - SPINE BEAM MODEL 

Results were obtained for fourteen lane loading cases, 

thirteen HB loading cases, four knife edge and six point 

load cases. The simulated HB vehicle was placed symmetric-

ally about midspan in each of the outer span lanes and 

symmetrically about strain gauge (S.G.) section 5 in each 

lane of the bifurcated span. The results of each HB 

loading case can be related to those for uniformly distrib-

uted loading in the same lane. The magnitudes of stress 

caused by HB loading are generally higher than those 

caused by uniformly distributed loading because the loads 

are higher but the general structural response is much the 

same for both types. 

6.4.1 Overall behaviour  

The overall behaviour is studied using the longitudinal 

main stress gauge results. The most noticeable feature of 

these results is the very good transverse distribution of 

eccentric loads that is obtained by the box section by 

virtue of its high torsional stiffness (e.g. Figs. 158 and 

159). 

The results for each of the outer spans, which are 

circular in plan, illustrate the effect of curvature on the 

stress levels. In all cases when the load is on the 
• 
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inside of the curve the maximum longitudinal stresses are 

greater than when the load is on the outside of the curve 

(e.g. Fig. 143 c.f. 158, 160 c.f. 161, and 162 c.f. 146). 

This phenomenon is caused by the distortional warping 

stresses due to the radial component of the bending moments 

which are additive to the longitudinal stresses when the 

load is applied above the inner web (see 2.4). 

Intermediate piers (B, C1  and C2) have a single support 

column under the longitudinal centreline of the structure. 

At Pier B a main stress gauge is located on the longitudinal 

centreline of the compression flange adjacent to the support 

position. In several cases this gauge measures a tensile 

stress (e.g. Fig. 163) and in all other cases the gauge 

measures a much lower compressive stress than the gauges 

located on the underside of the outer webs. This is partly 

due to the position of the gauge which is slightly offset 

from the centreline of the pier and also due to the Poisson 

effect from transverse bending of the support diaphragm. 

Gauges on the cantilevers of the tension flange measure 

lower longitudinal stresses than those above the diaphragm 

due to the effects of shear lag. 

The maximum measured longitudinal stress for the lane 

loading cases is 1.735 N/mm
2 
for Load case 9 (Fig. 164) 

and for the HB loading cases the maximum is 3.829 N/mm2 

for Load case 38 (Fig. 165). 
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6.4.2 Distribution of longitudinal stress  

A detailed cross sectional distribution of longitudinal 

stress is obtained at loaded sections from the secondary 

strain gauge readings. Secondary stress gauges are located 

on the box walls adjacent to web-flange intersections. The 

main stress gauge results showed a good transverse distribu-

tion of stress with a gradual reduction in magnitude away 

from the loaded lane. Secondary gauge results while 

exhibiting this overall behaviour also show a localised 

increase in stress across the width of each web in a direction 

away from the load and a rapid decrease in stress in between 

webs. When the stress points across the width of the flanges 

are joined by straight lines, the values obtained on the 

web centrelines agree closely with those measured by the 

main stress gauges (e.g. Figs. 143 and 144). The phenomenon 

which causes the increase in stress across the webs is that 

of secondary warping
(63) and occurs when the wall thickness 

is not extremely small compared with the depth of the box. 

A secondary stress system develops which has a linear 

variation of normal stresses over the wall thickness. Shears 

perpendicular to the wall are produced and a secondary 

warping torque develops. The maximum stress values measured 

on the flanges adjacent to the webs can be appreciably 

larger than the values on the web centreline-.(e.g. Load 
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case 1 maximum value on web centreline 0.971 N/mm
2, value 

on flange adjacent to web 1.144 N/mm
2 representing an 

increase of 17.8%) and as the web centreline values are 

those obtained by conventional analysis methods (e.g. 

grillage, finite element 'shell' analysis) which treat the 

structure as thin walled, this behaviour may be significant. 

Secondary stress gauges are located on both surfaces 

of the box walls at each strain gauge location and therefore 

it has been possible to separate longitudinal and transverse 

stresses into in-plane and flexural components. The in-

plane component represents the value of stress at the middle 

plane of each wall and the flexural component includes the 

effects of secondary warping and that of eccentricity from 

the neutral axis of bending. For example, consider Figures 

166 and 167. Fig. 166 shows the smooth transverse distribu-

tion of the in-plane component whereas Fig. 167 shows the 

change in sign of the flexural component across the width 

of the webs caused by the secondary warping. 

For the lane loading cases, longitudinal stresses are 

greatest when the central span (BC) is loaded and the 

maximum measured longitudinal stress (1.749 N/mm
2) occurs 

at S.G. Section 6 for Load case 9 (Fig. 168). The maximum 

stress in span AB (1.144 N/mm
2) occurs when the inside lane 

is loaded for Load case 1 (c.f. 0.607 for Load case 4, 

Figs. 144 and 169) 
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6.4.3 Transverse stresses  

Transverse stresses measured by secondary strain gauges 

are also separated into in-plane and flexural components. 

The measured in-plane transverse stresses are all very low 

as might be expected away from support diaphragms but 

flexural stresses are large and of the same order as longi-

tudinal stresses. The flexural stresses arise from two 

effects. Loads applied to the deck between webs are trans-

ferred to the webs of the boxes by flexure and this induces 

transverse moments in the webs and bottom flanges and hence 

transverse stresses. Other stresses are caused by the 

resultant loads acting above the webs producing differential 

deflection of the webs and ditortion of the cross section. 

This cross sectional distortion also produces transverse 

flexural stresses. 

Curvature of the outer spans has a similar effect on 

transverse stresses to its effect on longitudinal stresses 

described in 6.4.1. Transverse stresses are significantly 

higher when the inside lane is loaded (e.g. Load case 1 

(inside lane) DB = 1.208 N/mm2  (Fig. 170), Load case 4 

(outside:.lane) a 	= 0.864 N/mm
2 
(Fig. 171). DB 

Maximum transverse bending stresses for lane loading 

occur at Section 1 for Load case 1 (1.208 N/mm
2 
 , Fig. 170). 

Stresses in spans C2D and CO are much lower (maximum 

0.456 N/mm
2, Fig. 172) and the maximum stress u

DB in the 
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bifurcated span occurs at S.G. Section 6 for Load case 9 

(0.869 N/mm
2
, Fig. 173). Maximum transverse stresses 

caused by HB loading also occur at Section 1 (3.526 N/mm
2 

for Load case 15, Fig. 174). The maximum HB flexural 

stress in Span BC is 1.389 N/mm
2 for Load case 29 (Fig. 175). 

-Load cases in the bifurcated span produce significant 

transverse stresses in the deck slab between the boxes near 

the bifurcation. The maximum occurs for Load case 29 at 

S.G. Section 6 (2.267 N/mm
2 
 , Fig. 176). 

Rapid changes in transverse moments also imply high 

vertical shearing forces (not measured) in the slab between 

the boxes. 

Where loads are applied to the cantilever parts of 

the deck, transverse stresses are measured near the canti-

lever root. Similar values are obtained for each lane 

loading case (e.g. Load case 1: 0.772 N/mm
2 
 (Fig. 170), 

Load case 10: 0.701 N/mm
2 
 (Fig. 177), Load case 12: 

0.730 N/mm2  (Fig. 178). 

6.4.4 Shear stresses  

Vertical shear stresses are measured in the webs of 

the bifurcated span adjacent to intermediate support dia-

phragms. At Support B-the distribution of shear between 

the webs is influenced by the complex geometry of the 

bifurcation and no consistent overall pattern emerges. 
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For example for Load case 5 (inside lane loaded, Fig. 179) 

the shear stress in the inside web is approximately double 

that in the centre web whereas for Load case 9 (outer 

lane loaded, Figure 180) all three webs have similar shears 

but the inner web has the largest shear of the three. At 

Supports C1  and C2  the shear distribution between webs 

reflects the loading position and shears of opposite sign 

are obtained at Support C1  for Load cases 5, 6 and 7 (Figs. 

181-183) and at Support C2  for Load case 9 Fig. 184) 

6.4.5 Internal diaphragm behaviour  

The internal diaphragm at S.G. Section 4 was extens-

ively strain gauged on both faces and gauges were also 

placed on the longitudinal webs on both sides of the dia-

phragm. Where eccentric loads are applied to the inner 

cell and no loads are applied above the diaphragm (e.g. 

Load cases 5, 8 and 9), the principal action of the diaphragm 

is to resist distortion of the cross section and the prin-

cipal stresses are obtained on the diagonals of the box with 

maximum shears acting in the vertical and horizontal direc-

tions. For example, Figure 185 (Load case 5) shows that 

the angle that the maximum positive principal stress makes 

with the diagonal strain gauge element is very near 00 or 

900 for all gauges and therefore the maximum shears which 

• 
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occur at 450  to the principal stress direction are parallel 

to the box walls. The directions and magnitudes of the 

principal stresses given in Figure 185 are illustrated in 

Figure 186. Vertical shears are of similar value at the 

bottom and at mid height of the diaphragm. 

Where loads are applied directly above the diaphragm 

the bearing stresses change the direction of the principal 

stresses and the direction of the maximum compressive 

principal stress rotates towards the vertical. 

6.4.6 Principal stresses in Span BC  

Triaxial strain gauges were used at S.G. Sections 5 

and 6 in order to define the directions of principal stresses 

in the region of the complex geometry of the bifurcation. 

Results show that the directions of principal stresses in 

the box under the loaded lane approximate closely to the 

longitudinal and transverse directions. The directions of 

principal stresses in the unloaded box do not agree as 

closely with these directions but the maximum longitudinal 

stresses obtained at each point in the flanges at S.G. 

Sections 5 and 6 agree closely with the greatest principal 

stresses at these points (e.g. for lane loading maximum 

longitudinal stress at S.G. Section 6 = 1.749 N/mm
2  (Figure 

168), greatest maximum principal stress = 1.749 N/mm
2 
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(Figure 187); for HB loading, maximum longitudinal stress 

at S.G. Section 5 = 3.806 N/mm2  (Figure 188), greatest 

maximum principal stress = 3.835 N/mm
2 (Figure 189)). 

6.4.7 Deflections  

Horizontal and vertical deflections are plotted for 

loaded spans at S.G. Sections at midspan of the outer spans 

and at S.G. Sections 5 and 6 of Span BC. Horizontal deflec-

tions are generally low due to the considerable transverse 

stiffness of the flanges bending in their own planes, and 

where distortion of the cross section occurs it is largely 

confined to the vertical direction with the webs remaining 

parallel to the vertical (e.g. Figure 190). 

The maximum vertical deflections of the outer spans 

are measured under the outer webs when the outer lanes 

are loaded (e.g. Figures 191, 192) whereas maximum longi-

tudinal and transverse stresses occur when inner lanes 

are loaded (see 6.4.1). The exaggerated deflection scale 

emphasises the distortion of the cross section and shows 

that the changes in length of diagonals of the boxes are 

greatest for cases when inside lanes are loaded. 



161 

8 Local effects due to HB loading 

Local bending of the deck occurs in the vicinity of 

HB vehicle due to the concentrated nature of the 

ling. Where the load is applied to the cantilever, 

jitudinal hogging moments are produced in the centre 

..he vehicle, giving tensile stresses on the top surface. 

Jome cases these stresses are larger than the compressive 

asses in the deck due to overall bending of the section 

g. Fig. 193 longitudinal tensile stress of 0.651 N/mm
2 

the cantilever). Transverse bending stresses in the 

Meyers are also produced, the maximum measured value 

ng 2.504 N/mm2  for Load case 20 (Fig. 194). 

Longitudinal and transverse moments occur in the top 

:ges of the boxes when the load is applied between the 

3. Again longitudinal hogging moments are produced at 

centre of the vehicle giving reduced total longitudinal 

asses on the top surface (e.g. Fig. 195) and transverse 

sing moments are produced in the top flange midway 

reen the webs. 

.9 Knife edge and point loading test results  

Four knife edge loading cases were tested (load cases 

-,9) and results are presented for a load of 222.5 N (50 lb). 
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The loads were applied above S.G. Section 5 which is 

approximately at midspan BC. The results when suitably 

scaled may be added to the uniformly distributed lane 

loading results described in 6.4.1 to obtain full HA 

loading for Span BC. Maximum longitudinal stresses are 

obtained at the tip of the cantilever for Load case 49 

(-1.898 N/
2 mm , Fig. 196) and maximum transverse stresses 

occur at the root of the cantilever for load case 46 

(2.078 N/mm2, Fig 197). 

A series of six point load cases was tested (load 

cases 54-59, Fig.103) and results are presented for a 

load of 222.5 N (50 lb). The results again demonstrate 

the good load distribution properties of the boxes (e.g. 

Fig. 198). High local stresses arise due to longitudinal 

and transverse-bending of the deck under the concentrated 

load especially for load cases 55 and 58 where the load 

is placed midway between webs. For load case 55 the 

maximum longitudinal stresses of -3.024 N/mm
2 
occurs 

directly under the load (Fig. 199) and the transverse 

flexural stress at this location is 4.311 N/mm2  (Fig. 200). 

Where the load is applied above the webs transverse dis-

tortional bending stresses are obtained in the box walls 

(e.g. 1.118 N/mm2  for Load case 59, Fig. 201) and Load 

cases 57 and 59 produce local longitudinal bending of 

the deck and high longitudinal stresses near the top of 

the webs (e.g. Fig. 202). 
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6.5 RESULTS OF TESTS ON MODEL 2 - MULTICELLULAR MODEL 

Several aspects of the structural behaviour of the 

spine beam model (Model 1) described in 6.4 are also 

exhibited by the multicellular model. These points, as 

illustrated by Model 2, are summarised below, together 

with a more detailed description of those aspects of the 

behaviour peculiar to this model. 

6.5.1 Overall behaviour  

The results of the tests on this model also display 

the very good transverse distribution of eccentric loads 

obtained with the closed section (e.g. Figures 203, 204). 

The results for the outer spans illustrate the 

effects of curvature on the stress levels. For Spans AB 

and C1E, when the load is on the inside of the curve the 

maximum longitudinal stresses are greater than when the 

load is applied to the outside of the curve as was also 

described in 6.4.1 for Model 1 (e.g. for Model 2, Figs. 149 

c.f. 205 and 206 c.f. 207). For Span C2D stresses are 

approximately equal for loads applied to the inside and 

outside of the curve (e.g. Figs. 208 c.f. 209). However 

Span C2D differs from the other outer spans in that in 

C2D the outer lane is above a cantilevered part of the 



deck which therefore has a greater eccentricity from the 

shear centre than the inner lane. In this span, the 

higher longitudinal stresses, which are normally obtained 

by loading in the inside lane and which are caused by 

the addition of distortional warping stresses induced 

by the radial component of the bending moment, are off-

set by the higher torsional moments obtained when loading 

is on the outer lane. 

The maximum longitudinal stress caused by the lane 

loading cases and measured by the main stress gauges is 

1.581 N/mm2  for Load case 5. 

6.5.2 Distribution of longitudinal stress  

The secondary warping behaviour described in 6.4.2 

is also displayed by the secondary stress results for 

Model 2. The maximum stress values measured on the 

flanges adjacent to the webs can be appreciably larger 

than the values on the web centre lines (e.g. Load case 

37, maximum value on the web centreline = 3.582 N/mm2, 

value on flange adjacent to web = 4.487 N/mm2, represent-

ing an increase of 25.3% (Figs 210, 211); maximum value 

on the web centre line for all tests = 4.701 N/mm2 for 

• Load case 35 and the maximum value on the flange = 

• 6.172 N/mm
2 
representing an increase of 31.1% (Figs. 212, 

213)). The separation of longitudinal stress in the box 

I A4 
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walls into in-plane and flexural components demonstrates 

that the secondary warping stresses have a flexural 

distribution across the wall thickness (e.g. Figs. 214, 

215). 

6.5.3 Transverse stresses  

Transverse stresses measured by secondary strain 

gauges are also separated into in-plane and flexural 

components. Measured in-plane stresses are generally 

low and the maximum value is of the order of thirty per 

cent of the flexural component. Flexural stresses are 

large and of the same order as longitudinal stresses. 

Curvature of the outer spans has a similar effect on 

transverse stresses to its effect on longitudinal stresses 

described in 6.5.1. Transverse stresses in Spans AB and 

C1
E are significantly higher when the inside lane is 

loaded (e.g. Load case 1 (inside lane)aDB = 1.421 N/mm2  

(Fig. 216), Load case 4 (outside lane)(IDB = 0.970 N/mm2  

(Fig. 217)). Loading on the outer lane of Span C2D 

produces maximum transverse stresses because of the 

greater eccentricity of this lane from the shear centre. 

For lane loading the maximum measured transverse 

flexural stress occurs at Section 13 for Load case 12 

(1.558 N/mm2, Fig. 218) for loading applied above the 

cantilever. The maximum transverse flexural stresses 
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in Spans AB and C1 
 E are 1.421 N/mm

2 (Fig. 216) and 

1.259 N/mm
2  (Fig. 219) respectively. In the bifurcated 

span (BC) transverse stresses are measured at Sections 

5 and 6 and for all load cases except Load case 7, 

which consists of loading only over part of the span, 

the maximum stresses occur at Section 5, the overall 

maximum being 1.151 N/mnt2 for Load case 5 (Fig. 220). 

For HB loading the maximum transverse bending 

stresses occur at Instrumentation Section 13 for Load 

case 35 (6.452 N/mm
2  , Fig. 221). The maximum flexural 

stress in the boxes of the bifurcated span occurs at 

Instrumentation Section 6 for Load case 22 (4.359 N/mm
2
, 

Fig. 223). 

Load cases in the bifurcated span produce signifi-

cant transverse stresses in the deck slab between the 

boxes near the bifurcation. The maximum occurs for Load 

case 27 at Instrumentation Section 6 (2.766 N/mm
2
, Fig. 

224). Significant transverse in-plane stresses also 

occur in the slab at the bifurcation (1.25 N/mm
2 
 Fig. 225). 

6.5.4 Principal stresses in Span BC  

Results show that the directions of principal stresses 

in the cells under the load approximate closely to the 

longitudinal and transverse directions, as-was observed 

for Model 1. The directions of principal stresses in 
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the unloaded cells do not agree as closely with these 

directions but the maximum longitudinal stresses 

obtained at each point in the flanges at Instrumenta-

tion Sections 5 and 6 agree closely with the greatest 

principal stresses at these points (e.g. maximum longi-

tudinal stress at Section 6 = 3.897 N/
2 

mm , Fig. 226; 

maximum principal stress = 3.899 N/mm
2 
 , Fig. 227). 

6.5.5 Deflections  

Horizontal deflections are largely restricted by 

the high in-plane bending stiffnesses of the flanges. 

Where distortion of the cross section does occur it is 

mainly confined to the vertical direction with the webs 

remaining parallel to the vertical (e.g. Fig. 228). 

6.5.6 Local effects due to HB loading  

Local bending of the deck occurs in the vicinity 

of the HB vehicle due to the concentrated nature of the 

loading. Local bending effects are minimised by the 

close spacing of the webs which restricts the number of 

wheel loads.on any one axle acting above a cell to two. 

Where the HB vehicle is situated partly on the canti-

levered section of the deck for Load case 35, high 

transverse bending stresses are induced at the root of 
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the cantilever and the transverse distortional stresses in 

the adjacent cells are the maximum obtained throughout the 

structure (6.452 N/mm
2 
 , Fig. 221). 

6.5.7 Knife edge and point loading test results  

Four knife edge loading cases were tested (Load cases 

50-53) and results are presented for a load of 222.5N 

(50 lbf). The loads were applied above Instrumentation 

Section 6 which is at the bifurcation of the top flange. 

Local effects are obtained in the top flange under the 

knife edge where maximum longitudinal stresses result 

(-2.566 N/ 2  mm , Fig. 229). High transverse flexural stresses 

occur in the slab at the bifurcation for Load case 51 

(1.872 N/mm2, Fig. 230) and the maximum transverse bending 

stress in the cell walls is also produced by this loading 

case (2.374 N/mm
2, Fig. 230). 

Four point load cases were tested (Load cases 60-63) 

and results are presented for a load 222.5N (50 lbf). 

High local stresses arise due to longitudinal and trans-

verse bending of the deck under the concentrated load, 

especially for Load case 62 where the load is placed on the 

cantilevered part of the section at the bifurcation. The 

maximum measured longitudinal stress of 6.429 N/mm
2 
 (Fig. 

231) occurs under the load and the transverse flexural 

stress at this location is 8.221 N/mm2  (Fig. 232). The 

high local stresses alter 



169 

the principal stress directions in the. vicinity of the 

loading in the top flange and the maximum measured 

principal stress is -10.680 N/mm
2 
(Fig. 233). 

6.5.8 Support settlement results  

Two support settlement cases were considered - Ldad 

case 86 which is the settlement of the inner support at 

Pier A, and Load case 87 which is the settlement of Pier 

C2. For Load case 86, results are presented for a support 

settlement of 2.03 mm (0.08 in) which was achieved by 

removing a 2.54 mm (0.1 in) packing piece from beneath 

the support column and applying a load of 845N (190 lbf) 

directly above the column. Load case 87 results are 

presented for a support settlement of 1.52 mm (0.06 in) 

which was achieved by removing a 1.52 mm (0.06 in) packing 

piece from beneath the column and applying a load of 

356N (80 lbf). 

For Load case 86 the maximum longitudinal stress 

measured on the web centreline occurs at Section 6 (2.256 

N/mm
2
, Fig. 234). Secondary stress gauge measurements 

were taken for Section 2 and the results exhibited the 

secondary warping phenomenon referred to in Section 4.1 

(Figs. 235 and 236). 

For Load case 87, main stress gauges and deflections 
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only were measured. Maximum longitudinal stresses occurred 

at Pier C2 (3.318 N/mm2, Fig. 237) and high longitudinal 

stresses were obtained at Sections 6 (2.096 N/mm
2), 8 

(1.993 N/mm 2) and 13 (2.082 N/mm2). The maximum vertical 

deflection was obtained at Section B (1.208 mm, Fig. 238) 

and an upwards deflection resulted at Section 2 (-0.358 mm, 

Fig. 239). 

4 



171 

6.6 RESULTS OF TESTS ON MODEL 4 - COMPOSITE MULTIBOX MODEL 

6.6.1 Overall behaviour  

The overall behaviour exhibited by the main stress 

gauge results varies significantly between the different 

spans due to the different diaphragming arrangements. 

Indeed, the original choice of diaphragm spacing was made 

to study the effects of having different numbers of 

diaphragms in each of the three outer spans which are 

otherwise fairly similar. Span C2D has no internal diaphragms, 

Span AB has internal diaphragms at midspah, and Span C1E has 

internal diaphragms at the quarter points. A marked improve- 

ment in load distribution is achieved with increasing numbers 

of diaphragms. If the average stress in the bottom flange 

at midspan of a box is taken as an indication of the load 

carried by that box the transverse distribution of 

eccentric loading can be compared quantitatively as shown 

in Table 15. The table is arranged with the results for 

the outer span having the smallest number of diaphragms at 

the top with results for spans having increasing numbers 

of diaphragms listed below. Although Span BC does not 

consist of a single circular curve the results obtained 

in this span support those from the circular spans to a 

large extent. Results for the two loading cases with the 
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greatest eccentricities are shown for each span with the 

results for the innermost lane shown above those for the 

outermost lane. With an increasing number of diaphragms 

there is a significant decrease in the percentage of the 

total load carried by the loaded box and a corresponding 

increase in the percentage of the total load carried by 

the box adjacent to the loaded box. Because the number 

and spacing of boxes is not the same for each span the 

percentage of load in the loaded box carried by the 

adjacent box has also been calculated to obtain an assess-

ment of load distribution. These figures show a marked 

increase from a minimum of 11.7% for Span C2D (no internal 

diaphragms) to a maximum of 77.9% for Span CO (three 

internal diaphragms). A comparison of the cross sectional 

distributions of longitudinal stresses for these loading 

cases confirms the improvement in transverse distribution 

(Figs. 240 and 241). 

Longitudinal stresses are measured at two Instrumenta-

tion Sections (5 and 6) in Span BC. Instrumentation 

Section 5 coincides with internal diaphragming and Section 

6 is midway between diaphragms. Results at both sections 

exhibit the good distribution obtained with the diaphragmed 

box section (Figs. 242-245) with approximately fifty per 

cent of the total load carried by the loaded box. The 

maximum longitudinal steel stress in Span BC (37.18 N/mm
2
) 
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occurs at Section 6 for Load case 73 (Fig. 246) and the 

maximum slab stress is -3.324 N/mm2. 

The overall maximum longitudinal steel stress occurs 

in Span C2D at Section 11 for Load case 32 (90.00 N/mm
2
, 

Fig. 248), where the maximum longitudinal slab stress is 

-8.60. N/mm
2. High warping stresses also occur in Span 

C2
D due to the action of loads in the bifurcated span 

(e.g. Fig. 249). 

6.6.2 Warping stresses, a  

Warping stresses are calculated by subtracting the 

average longitudinal extreme fibre stress on the flange 

(aB) from the stress at the edge of the box. Warping 

stresses are included in Table 15 and are non-dimensionalised 

against 0.B. VaB  is tabulated for the loaded box and 

also for the box adjacent to the loaded box. A marked 

reduction in aW B  /o is obtained with an increasing number 

of diaphragms from a maximum of 334.9% for Load case 10 

on Span C2D (Fig. 240) to a corresponding value of 19.2% 

for Load case 14 on Span C1E (Fig. 241). The maximum 

longitudinal stress of 32.185 N/mm
2 
in Span CD compares 

with a maximum of 20.812 N/mm
2 

in Span C
1
E although 

maximum values of GB are 18.25 N/mm
2 for Span C2D and 

_ 18.500 N/mm
2 

for Span C1E. 
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Warping stresses are measured at two sections in Span AB 

(2 and 3) and it is of interest to observe how a changes 

sign between the two sections (Figs. 250 and 155). The 

distributions of longitudinal stresses at Section 2 show 

a smooth decrease in stress away from the load in the 

transverse direction and warping stresses are smaller 

than those at Section 3 where rapid changes in distortional 

deflection (WD
) occur due to the prescence of the dia-

phragms. The rapid changes in deflection are accompanied 

by high curvatures and hence high values of aw  (propor-

tional to @
2
W/Dx

2
). 
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6.6.3 Effects of curvature on longitudinal stresses  

The effect of curvature on the stress levels in the 

outer spans is also illustrated by Table 15. For each 

span, results for loading on the innermost lane are 

tabulated above those for loading on the outermost lane. 

In all cases the warping stresses, and hence maximum 

longitudinal stresses, are significantly greater when 

the innermost lane is loaded. When the loading is applied 

above the inside lane the distortional warping stresses 

caused by the radial component of the longitudinal stresses 

are additive to the ordinary warping stresses and when the 

loading is applied above the outside lane the two stress 

systems are of the opposite sense (see 2.4). 

6.6.4 Transverse stresses in the steel boxes  

In-plane components of transverse stress are generally 

low and only of significance where bearing stresses occur 

in the webs due to superimposed loading. Flexural stresses 

GaB  are high and of the same order as maximum longitudinal 

stresses. 

Transverse stresses in the boxes are measured at 

Section 2 in Span AB, at Section 6 in Span BC and at 

Section 11 in Span C2D. A comparison of the results for 

lane loading on the different spans illustrates the effect 
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of diaphragm spacing on the transverse stress levels. In 

Span C2D which has no internal diaphragms the maximum 

stress is 46.384 N/mm
2 
(Fig. 251), in Span AB with one 

internal diaphragm per box the maximum stress is 17.696 

N/ram
2 (Fig. 252) and in Span BC a maximum value of 5.472 

N/mm
2 (Fig. 253) is obtained. 

Curvature of the outer spans has a similar effect 

on transverse stresses to its effect on warping stresses 

described in 6.6.3. Transverse stresses are significantly 

higher when the inside lane is loaded (e.g. Load case 1 

(inside lane) aDB = 17.696 N/mm
2 
(Fig. 252), Load case 4 

(outside lane) DB max = 9.483 N/mm
2 
 (Fig. 254). 

Transverse flexural stresses measured at Section 6 

in the bifurcated span are of a different pattern from 

those measured in the outer spans and at first sight there 

does not appear to be moment equilibrium at the bottom 

corners of the box. The measured stresses are very low 

and it is possible that this is due to local effects 

induced by the corner detail of the box which are over-

shadowed by the much higher transverse distortional stresses 

in the outer spans. The maximum flexural component of 

transverse stress occurs for Load case 32 at Section 11 

(135.0 N/mm2, Fig. 255). 
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6.6.5 Transverse stresses in the deck slab 

Transverse bending stresses in the slab arise from 

three effects. Loads applied to the deck are transferred 

to the webs by local flexure inducing transverse stresses. 

Stresses also arise due to differential deflection between 

boxes and finally stresses arise due to distortion of 

each box cross section caused by the resultant loads 

acting above the webs. 

As might be expected the maximum transverse slab 

stresses, in the parts of the deck forming the top flange 

of the box girders, are highest in Span C
2
D where maximum 

croB  stresses in the boxes occur. The maximum value for 

. 
lane loading of 2.245 N/mm

2 
 is obtained for Load case 10 

(Fig. 251). The spacing of webs in Span C2D is greater 

than in other spans and consequently the slab has a 

greater span in the transverse direction. 

However, the maximum measured transverse bending 

stresses in the slab between boxes do not occur in Span 

CD but in Span AB at Section 3 where diaphragms are 

incorporated into the boxes. Here-extremely high stresses 

are measured, the maximum being 20.79 N/mm2 for Load case 16 

(Fig. 256). Transverse stresses are also measured at 

Section 2 in Span AB where they are much smaller(maximum 3.28  

2 
N/mm for Load case 16, Figure 257) and therefore it would 
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appear that the presence of the diaphragms at Section 3 

is instrumental in producing the very high slab stresses. 

Unfortunately Section 3 is the only section that incorpo-

rates instrumentation on the slab between boxes at a 

diaphragmed location. However a similar phenomenon was 

observed in the study of diaphragming for the Merstham 

Interchange model reported in Chapter Four. When dia-

phragms are absent, the box, due to its lack of distortional 

stiffness, can more readily follow the transverse deflected 

shape of the slab and therefore transverse moments are 

lower than those obtained when the distortion is prevented 

and a 'hard' point is produced at the intersection of the 

edge of the box and slab. There are several possible 

solutions to this problem which are discussed in detail 

in Chapter Four, 

6.6.6 Principal stresses and transverse shears in Span BC  

Triaxial strain gauge rosettes were also used at 

Section 6 of this Model in order to define the directions 

of principal stresses in the region of the complex geometry 

of the bifurcation. Results again show that the directions 

of principal stresses in the box under the loaded lane 

approximate closely to the longitudinal and transverse 

directions. The directions of principal stresses in the 

w 
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other boxes do not agree as closely with these directions 

but the maximum longitudinal stresses obtained at each 

point in the flanges agree closely with the greatest prin-

cipal stresses at these points (e.g. maximum longitudinal 

. 
extreme fibre stress at Section 6 = 37.180 N/mm

2 
 (Fig. 246) 

and the greatest maximum principal stress = 37.490 N/mm
2 

(Fig. 258). 

6.6.7 Deflections  

Horizontal and vertical deflections of the box corners 

are plotted for loaded spans at sections at midspan of the 

outer spans and at Sections 5 and 6 in the bifurcated span. 

At diaphragmed sections the horizontal deflections of the 

bottom flange are calculated from the vertical deflections 

of the slab assuming that the cross section does not distort. 

Horizontal transverse deflections of the slab are small and 

where distortion of the cross section occurs it is largely 

confined to the vertical direction with the webs remaining 

parallel to the vertical (e.g. Fig. 259). 

The maximum vertical deflections of the outer spans 

are measured under the outer webs when the outer lanes 

are loaded (maximum longitudinal and transverse stresses 

occur when the inner lanes are loaded). The exaggerated 

deflection scale emphasises the distortion of the cross 



180 
180 

section at Sections 6 and 11 and shows that the changes 

in lengths of the diagonals of the boxes are greatest 

when the inside lane is loaded (e.g. Figs. 259 and 260). 

6.6.8 Support Reactions  

The comparison of the sum of the reactions with the 

applied load was referred to in Section 6.2.3 and discrep-

ancies were shown to be small. Reactions are shown on a 

plan of the structure together with vertical displacements 

of the structure above the supports due to the elasticity 

of the rubber bearings. The magnitudes of deflections 

reflect the positions of applied loading (e.g. Fig. 154). 

6.6.9 Local effects due to HB loading  

Local bending of the deck slab occurs in the vicinity 

of the HB vehicle due to the concentrated nature of the 

loading and local longitudinal and transverse stresses 

are produced. For example, consider the results of Load 

case 16 at Section 2. Figure 261 shows the longitudinal 

stresses at the extreme fibres and illustrates the high 

longitudinal stresses in the loaded box. The in-plane 

component of longitudinal stress shows a more smooth 

distribution of stress (Fig. 262) and the flexural com-

ponent (Fig. 263) includes the local longitudinal bending 
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effects in the slab. Similarly the flexural components 

of transverse stress (Fig. 264) are high in the loaded 

box with a maximum stress of -4.216 N/mm
2
. 

6.6.10 Knife edge test results  

Four knife edge loading cases were tested (Load 

cases 82-85) and results are presented for a load of 

222.5N (50 lbf). Local effects are obtained in the top 

flange under the knife edge where high longitudinal stresses 

result (-3.579 N/mm
2  , Fig. 265). High transverse flexural 

stresses also occur in the slab (e.g.-6.155 N/mm2, Fig. 266). 

Maximum longitudinal steel stresses are obtained for Load 

case 84 (14.98 N/mm
2  , Fig. 267) and the maximum transverse 

bending stress in the boxes is obtained for Load case 82 

(11.29 N/mm
2  , Fig. 268). 

A series of four point load cases was tested (Load 

cases 68-71) and results are presented for a load of 222.5N 

(50 lbf). High local stresses arise due to longitudinal 

and transverse bending of the deck under the concentrated 

load especially for Load case 62 where the load is placed 

on the deck between two boxes. The maximum measured 

longitudinal slab stress of 4.645 N/mm2  (Fig. 269) occurs 

near to the load and the transverse flexural stress at 

this location is 11.130 N/mm2  (Fig. 270). Maximum steel 
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stresses are 12.79 N/mm
2 longitudinal for Load case 71 

(Fig. 271) and 15.31 N/mm2  transverse for Load case 68. 

6.6.11 Support settlement test results  

Two support settlement cases were considered - Load 

case 88 which is the settlement of the inner support at 

Pier A, and Load case 89 which is the settlement of Pier 

C2. For Load 83, results are presented for a support 

settlement of 2.54 mm (0.1 in) which was achieved by 

removing a 2.54 mm (0.1 in) packing piece from beneath 

the support column and applying a load of 845N (120 lbf) 

at a distance of 25.4 mm (1 in) from the column in a 

radial direction away from the centre of curvature. 

Load case 89 results are presented for a support settlement 

of 2.54 mm (0.1 in) which was achieved by removing a 

2.54 mm (0.1 in) packing piece from beneath the column 

and applying a load of 356N (150 lbf) at a distance of 

25.4 mm (1 in) from the column along the arc in Span C2D. 

For Load case 88 the maximum longitudinal stresses 

occur at Section 4 (17.71 N/mm
2
, Fig. 273) and high longi-

tudinal stresses also occur in the bifurcated span (e.g. 

12.90 N/mm2  at Section 6, Fig. 274). Transverse stresses 

were measured by the secondary stress gauges at Section 2 

where a maximum transverse flexural stress of 18.07 N/mm
2 
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was recorded (Fig. 275). Deflections were measured 

throughout the structure and upwards deflections at one 

side of the section were recorded at all sections but 

Section 11. 

For Load 89 the maximum longitudinal stresses occur 

at Section 10 where the settlement is imposed (68.74 N/mm
2 

in the steel and 5.41 N/mm
2  in the slab, Fig. 276) and as 

might be expected the effects of settlement at this single 

column inner support are much greater than those measured 

for Load case 88 where the load is carried by the adjacent 

column. 
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6.7 COMPARISON OF THE STRUCTURAL BEHAVIOUR OF THE 

VARIOUS FORMS OF CONSTRUCTION 

The models were designed by selecting overall 

dimensions and wall thicknesses typical of existing 

structures of similar full scale spans and carriageway 

layout. Very few calculations were carried out other 

than to check the approximate magnitudes of maximum 

strains by simple bending theory so that the models were 

not overstressed during the initial trial loading period. 

Rigorous analyses by the finite element or grillage 

methods were not carried out at the design stage and no 

attempt was made to produce structures which would be 

competitive on economic grounds. The details of the 

models and their instrumentation were intended to produce 

information against which computer programs could be 

tested and also to provide insight into the structural 

behaviour of the various forms of construction. To this 

latter end some of the details such as, for example, the 

number of diaphragms in the outer spans of the composite 

multibox scheme, were varied throughout the structures 

although this obviously would not be done in practice. 

The two models which simulate concrete structures 

provide an interesting comparison in that their cross 

sectional areas are similar except for Span C2D which in 
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Model 2 has a large cantilever on one side. The cross 

sectional areas are as follows: 

Span Cross sectional areas (mm
2) 

Model 1 	Model 2 

AB 4302 4349.25 

Cin 2435.5 2360 

C
2
D 3973.5 3098.25 

The outer spans of both models have no internal 

diaphragms. Table 16 lists various stresses in all three 

models. Maximum longitudinal stresses due to lane loading 

in Models 1 and 2 and in the deck of Model 4 are all very 

similar and of the same order as maximum distortional 

stresses DB 
in the concrete models. The high maximum 

slab transverse bending stress in Model 4 is due to the 

positioning of internal diaphx'agms in Span AB. Redesign 

to reduce this stress and also the even higher stress 

caused by the HB loading was discussed in 6.6. The various 

maximum stresses shown in the HB loading section of Table 16 

were in general isolated values and do not reflect the 

overall stress levels. The high stresses in Model 2 

occurred due to HB loading on the cantilevered part of 

the slab in Span C2D. As described in 6.6, 
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the stresses in Model 4 are largely dependent on the 

number of internal diaphragms but it is interesting to 

note that the stresses in the bifurcated span (BC), which 

was well diaphragmed, are similar in magnitude to the 

stresses in the concrete models when the latter are multi-

plied by the modular ratio. 

The principal stress directions in the loaded boxes 

in the bifurcated spans coincide with the longitudinal 

and transverse directions in all three models and therefore 

maximum longitudinal stresses approximate closely to the 

maximum principal stresses. 

It is of interest to compare the cross sectional 

distributions of longitudinal stresses at Midspan AB for 

the lane loading cases on the three models (e.g. Figs. 144, 

150, 155 for Models 1, 2 and 4 respectively). Models 1 and 

2 both exhibit the secondary warping behaviour caused by 

the relatively thick walls with an increase in stress across 

the webs and a more rapid dedrease across the width of the 

box cells. The results for Model 4 show an increase in 

stress across the width of each box and a decrease across 

the slab between boxes with apparently a similar distribution 

to those of the concrete boxes, the steel box being analogous 

to the thick concrete web. However, the increase in stress 

across the steel box is due to the high local curvatures 

associated with a rapid decrease in distortion in the 
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vicinity of the internal diaphragm. These curvatures 

produce warping stresses of opposite sign to those at 

midpanel where the more normal smooth distribution of 

stress is obtained. 

The three forms of construction considered then are 

all viable structural alternatives. Where high stresses 

were encountered in the models they could be reduced by 

Changes to the design details and were not due to a basic 

fault in the structural system . Good transverse distri-

bution of eccentric loading is obtained with the box 

section when it is adequately diaphragmed to fully mobilise 

its high torsional stiffness. This transverse distribution 

of eccentric loading produces a complex three dimensional 

stress system which must be considered in the design of 

both concrete and steel box girder structures. 
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CHAPTER 7: ANALYSIS OF THE COMPOSITE MULTIBOX BIFURCATED  

MODEL BY THE GRILLAGE-BEF METHOD 

7.1 GENERAL 

The proposed grillage-BEF analysis method has been 

applied to box girder structures of varying complexity in 

Chapters Two, Three and Four. The composite multibox 

bifurcated model described in Chapters Five and Six 

provides a rigorous test for the proposed method and its 

analysis is described in this Chapter. The model incorpo-

rates many of the features associated with modern elevated 

highway structures and includes changes in plate thickness 

and cross sectional dimensions, various diaphragming 

arrangements, curvature in plan, random spacing of supports 

and the bifurcation itself. 
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7.2 IDEALISATION OF THE STRUCTURE 

The dimensions of the model are shown in Figures '  

131-134 and the positions of instrumentation are shown 

in Figure 139. Model test results are described in 

Section 6.5. The grillage idealisation is shown in . 

Figure 277 and consists of single line of elements 

along the centreline of each box with transverse elements 

to represent the slab. The rigidity of the transverse 

elements (EI) is increased, to allow for the increased 

span of the slab between the box centrelines, in propor-

tion to the increase in length so that the stiffness 

(EI/L) remains constant. This device was used in order 

to reduce the total number of nodes in the structure 

(reduced from 178 with additional nodes at the edge of 

the box to 84 without) and hence the computer time and 

storage. The work of Sawko and Mosley
(25) 

suggests that 

the errors induced by such an idealisation for the trans-

verse members will be small. 

The manufacture of the steel boxes from their various 

components is described in 5.7 and a typical cross section 

is shown in Figure 133. The steel boxes which are open 

topped consist essentially of two channel sections which 

form the webs with flange plates bonded to the flanges 

of the channels. The exact calculation of the sectional 
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properties for such boxes is not possible using the 

equations given in Appendix B and some idealisation of 

the section was necessary for calculation of the bending 

rigidity, EIc, the torsional rigidity, GJ, the warping 

rigidity, EIw  and the frame stiffness, k. The main 

idealisation was the replacement of the open topped box 

by an equivalent closed topped box with equal flange area. 

The outstands of the web channels were also smeared across 

the box width. This resulted in a close approximation to 

EIc
, slightly increased values of GJ and k and a slightly 

reduced value of EI . Longitudinal grillage members in 

the bifurcated span which incorporated changes in cross 

sectional dimensions were assumed to have average proper-

ties calculated midway between nodes. 

Torsional -stiffness reduction factors were calculated 

from Equation 3.21 which includes the influence of internal 

diaphragming. Reduction factors vary from 46.9 for Span 

C2
D which hab no internal diaphragms to 2.0 for that part 

of Span BC nearest Pier C1. Reduction factors together 

with beam properties are given in Table 17. 

The analysis of the model was carried out for the 

reduced torsional stiffness values given in Table 17 and 

also for the full Bredt-Batho torsional stiffness values 

which would have normally been used by the designer. The 

following three loading cases were used for the comparison 
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of model and analytical results: 

Load Case 
	Description 

Number 

	

1 	Uniformly distributed lane loading in 
Lane 1 of Span AB (Figure 95) 

	

10 	Uniformly distributed lane loading in 
Lane 1 of Span C2D (Figure 95) 

	

73 	HB vehicle loading in Lane 1 of Span 
BC (Figure 99) 

The load cases were chosen to test the analysis 

method for both concentrated and distributed loading on 

spans with differing amounts of diaphragming and hence a 

wide range of torsional stiffness reduction factors. 
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7.3 COMPARISON OF MODEL TEST AND ANALYTICAL RESULTS 

Model test and analytical results are shown in 

Figures 278 to 288. Model test results are plotted in 

the same way as is described in Chapter Six except that 

the following larger scales were used: 

7.3.1 Plotting scales, units and legend  

The cross section is plotted to a scale of 0.736 

full size. Stresses are plotted to a scale of 14.72 mm 

= 1 N/mm
2 for the Araldite and sand deck and 14.72 mm 

10 N/mm
2 
for stresses in the steel. Deflections are 

plotted to 73.6 times full scale. These scales should 

not be used to calculated stress and deflection values 

as there is a slight magnification of the diagram during 

reproduction. The numerical values of stress and deflec-

tion results are given on the diagrams, stresses being 

given in N/mm
2 

units and deflections in millimetres. 

Experimental results are shown as crosses which are 

joined by solid straight lines, the only purpose of which 

is to emphasize.the experimental points. Theoretical 

results for the reduced torsional stiffness analysis are 

shown as dashed lines and theoretical results for the full 

torsional stiffness analysis are shown as broken lines of 
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dots and dashes. Important numerical values for the 

reduced torsional stiffness analysis are shown in paren-

theses. 

7.3.2 Comparison of deflections  

Deflections for the three loading cases are plotted 

in Figures 281, 284, 287 and 288. Theoretical deflections 

for Load cases 1 and 10 with reduced torsional stiffnesses 

agree closely with experimental values. Deflections are 

plotted at Sections 5 and 6 for Load case 73 and theoreti-

cal values in general overestimate those obtained from 

the tests. However if vertical deflections are non-dimen-

sionalised by dividing by the average deflection, 0513, 

close agreement is obtained between theoretical and 

experimental results. Non-dimensionalised values are 

shown on Figures 287 and 288. The agreement of non-

dimensionalised values indicates that the analysis with 

reduced torsional stiffness has provided a good estimate 

of the transverse distribution of loading. 

7.3.3 Comparison of longitudinal stresses  

Longitudinal stresses are shown-in Figures 278, 280, 

282, 285 and 286. Close agreement between theoretical 

results for reduced torsional stiffnesses and model results 
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is obtained for longitudinal stresses in the steel boxes 

and in general theoretical values slightly overestimate 

experimental values. Theoretical results for the full 

torsional stiffnesses show a greater transverse distribu-

tion of loading and considerably overestimate warping 

stresses in the bottom flanges. 

Theoretical results are in general agreement with 

experimental values in the deck slab except in the 

vicinity of applied loading where the experimental values 

include additional local bending effects. 

7.3.4 Comparison of transverse distortional bending  

stresses  

Transverse distortional bending stresses in the steel 

boxes are shown in Figures 279 and 283. Stresses are not 

plotted for the full torsional stiffness case for Load 

case 10 as the analysis overestimated the stresses to 

such an extent that the results would not all fit on to 

the page with the plotting scales adopted. 

Theoretical results for reduced torsional stiffnesses 

and test results are in general agreement. However some 

of the test results show large variations between corres-

ponding values on opposite sides of the boxes where 

theoretical values are identical. Similar variations 



195 

were experienced with the results of the Merstham 

Interchange model described in Chapter Four and are 

largely due to small imperfections in the manufacture 

of the model. If model results on opposite sides of the 

boxes were to be averaged it can be seen that model and 

theoretical results would be in close agreement. 

7.3.5 Compatibility of rotational deflections  

The torsional stiffness reduction factors used in 

the grillage analysis were selected using Equation 3.2.1. 

Although the comparison of theoretical and experimental 

results described in the previous sub-sections shows good 

agreement, it is advisable to consider the compatibility 

criterion of Equation 3.2 to ensure that the approximate 

theoretical solution approached the compatible solution. 

Reduction factors calculated from Equation 3.1 for 

the reduced torsional stiffness analyses are included 

in Table 17. These values indicate that further reductions 

could be made to the torsional stiffness of Spans AB and 

C2D to obtain full compatibility. It is of interest to 

examine the reduction factors obtained by the application 

of Equation 3.1 to the results of the full torsional stiff-

ness analysis. These reduction factors are also included 

in Table 17 and indicate similar reductions to those given 
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by Equation 3.2.1. In view of the insensitivity of the 

analysis to small changes in torsional stiffness demon-

strated in Chapter Three, and the good agreement between 

theoretical and experimental results further analyses 

were thought to be unnecessary. 
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CHAPTER 8: CONCLUSIONS AND METHODS FOR DESIGN  

8.1 CONCLUSIONS 

8.1.1 General Conclusions  

(1) An approximate elastic analysis method for single 

and multibox structures which is economical in both 

computer storage and costs, and is capable of coping with 

the complex geometry of modern elevated highways has been 

developed within this thesis. The method is equally 

applicable to concrete, steel and composite structures 

accounts for the effects of cross sectional distortion 

and can, if desired, include the effects of transverse 

stiffening,' cross frames and diaphragms of various types. 

The method can account for the effects of curvature in 

plan, variations in cross-sectional dimensions and proper-

ties, and skew supports or random positioning of bearings 

for multibox structures. The response to standard types 

of loading can be considered including concentrated and 

distributed loading, HB vehicle loading, and also horizon-

tally applied forces on single cell box girders. 

(2) Results from an extensive experimental program of 

tests on small scale elastic model box girder structures 

have been made available. Incremental loading demonstrated 
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that the behaviour of the models was linearly elastic. 

The repeatability of strain and deflection measurements, 

and appropriate equilibrium checks provided validation 

for the experimental results. The results of the 

bifurcated elevated highways models are to be used as 

standard tests for bridge analysis computer programs by 

the Department of the Environment. 

(3) Comparisons of the proposed theoretical approach with 

model test results and three dimensional finite element 

analyses show good agreement. 

(4) A parametric study of a wide range of practical box 

girder bridge structures has resulted in a simplified 

design procedure to account for the effects of cross 

sectional deformation. This procedure has been incorpo-

rated in the Department of the Environment's Interim 

Design Rules for steel box girder bridges. 

(5) The results presented in this thesis relate to linear 

elastic behaviour which is of importance in the assessmnet 

of the unserviceability limit state for factored working 

loads. Much of the information given shows how the 

behaviour in the elastic range departs from that given 

by the simple theories of bending and torsion used by 

standard grillage analysis programs. The principal effects 
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which cause this departure are: 

(i) Shear lag 

(ii) Distortion of the cross section and 

distortional warping 

(iii) Torsional warping 

(iv) Secondary warping. 

Information on shear lag may be obtained from the 

Bifurcated Elevated Highways models results. For example, 

the longitudinal stresses for Model 1 at Pier B, when 

compared with those obtained from the bending moment 

calculated from the reactions and applied loading, indicate 

that, due to shear lag, there is a reduction in the 

effectiveloreadth'of the top flange of 5%. :Moffatt
(64) 

has given an extensive treatment of the effects of shear 

lag. 

The effects of distortion of the cross section have 

been investigated in this thesis and are discussed in 

detail in 8.1.2. The transverse distortional bending 

stresses and distortional warping stresses produced by 

cross sectional distortion can be large in magnitude and 

must be considered in design. Torsional warping stresses 

are generally'of secondary importance in practical box 

girder structures. Their magnitudes can be calculated 

approximately by the simplified procedure given in the 

Interim Design Rules
(38) 



200 	 200 

Secondary warping stresses are deyeloped when the 

wall thickness is not extremely small compared with the 

depth of the box. The results of Bifurcated Elevated 

Highways Models 1 and 2 which represent two forms of 

concrete construction showed secondary warping stresses 

with maximum values of approximately 30% of the longi-

tudinal bending stresses under the same loading. In 

order to assess their significance in relation to the 

total longitudinal stresses due to dead and live loading, 

the results for one of the outer spans of Model 2 were 

combined to give totals for dead load with one third HA 

loading on one lane and an HB vehicle on the other lane. 

The total stresses are shown in Figures 290 and 291 

which indicate that an increase of 15% in maximum longi-

tudinal stress is caused by secondary warping. 

8.1.2 Particular conclusions relating to the distortional  

behaviour of straight single cell box girders  

(1) Additional validation is provided within this thesis 

for the beam on elastic foundations analogy for the analysis 

of distortional effects in single cell straight box girders.-

The method is compared with three dimensional finite 

element analyses and a quarter scale stiffened steel box 

girder model. 
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(2) Maximum transverse distortional bending stresses in 

the concrete boxes studied were found to be of similar 

magnitude to maximum bending stresses under the same 

loading. Maximum distortional warping stresses were 

found to be of the order of 30% of the maximum bending 

stresses. 

(3) Transverse distortional bending stresses in stiffened 

steel box girders are extremely sensitive to the cross 

sectional properties of the transverse stiffeners employed. 

Maximum stresses can be reduced from several times the 

maximum bending stress to acceptable levels by a judicious 

choice of transverse stiffener section while maintaining 

a constant distortional stiffness. Higher distortional 

stresses in general occur in the stiffener outstand which 

has a large eccentricity from the neutral axis of the 

combined stiffener and effective width of plate section. 

Peak distortional stresses occur at the box corners where 

transverse stiffeners on adjacent corners of the box 

intersect. It is generally necessary to employ a low 

class welding detail at this intersection and therefore 

transverse distortional bending stresses are of primary 

importance in the assessment of the fatigue life of such 

welds, particularly because the stresses can be fully 

reversible subjecting the weld to a high stress range. 
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(4) The use of a trapezoidal cross section, in which the 

webs are sloped, reduces transverse distortional bending 

stresses but transverse in-plane stresses are induced 

into the flanges. 

(5) The effectiveness of internal diaphragms in resisting 

distortion depends upon their spacing and stiffness. The 

spacing of diaphragms can be expressed non-dimensionally 

by the product OL and four ranges of diaphragm effective-

ness can be observed which are defined by ranges of alp. 

Diaphragms at spacings corresponding to Bib  greater than 

5.0 do not significantly affect maximum distortional 

stresses at midpanel. An intermediate range exists from 

OLD  = 1 to OLD 
= 5, over which the diaphragm spacing is 

the dominant parameter in controlling distortion, but 

below OLD 
= 1 diaphragm stiffness becomes more important 

and below $1,13  = 0.2 stiffness alone controls distortion. 

(6) A study of the distortional properties of 28 practical 

steel box girder bridge designs showed that the use of 

1x/4 as an approximation to the warping property Ib  gives 

sufficient accuracy for design. 

8.1.3 Particular conclusions relating to box girders  

curved in plan  

(1) Additional distortional forces occur in box girders 
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curved in plan due to the radial component of the longi-

tudinal bending stresses. In this thesis the BEF 

analogy has been extended to .include the effects of 

these additional forces on simply supported curved box 

girders. An analytical method has been proposed based 

on the combined use of. standard grillage analysis programs 

and the BEF method to account for the effects of the 

radial component in continuous curved girders. The method 

is shown to give satisfactory agreement with model tests 

and finite element analysis. 

(2) Maximum longitudinal stresses and transverse distor-

tional bending stresses are obtained when loads are applied 

above the inner web. In such a case the distortional 

forces due to the radial component of the longitudinal 

stresses are additive to the distortional forces due to 

the antisymmetrical component of the loading-and higher 

values of transverse distortional bending stresses and 

distortional warping stresses result. When the loads are 

applied above the outer web the distortional forces due 

to the radial component are subtractive. This phenomenon 

was observed in the circular box model described in Chapter 

Two in which the radial component produced transverse 

distortional bending stresses which were approximately 

50% of those due to the antisymmetrical component of the 

loading. Similar behaviour was also observed in the curved 
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outer spans of the bifurcated elevated highways models. 

8.1.4 Particular conclusions relating to the proposed  

analysis method for multibox structures  

(1) An analytical method for multibox structures has 

been developed within this thesis and is based upon the 

combined use of standard grillage analysis programs with 

the BEF analogy. The method consists essentially of 

making reductions to the torsional stiffness properties 

of the longitudinal members of the grillage to allow for 

apparent increased rotations about the longitudinal axis 

due to distortion of the cross section. The increased 

rotations reduce the effective torsional stiffness and 

affect the transverse distribution of loading. Having 

obtained the correct distribution of load, the distor-

tional effects are assessed separately for each box by 

the BEF method. 

(2) The effective torsional stiffness values for practical 

box girders were found to vary over a wide range. Tor-

sional stiffness reduction factors (i.e. the ratio of the 

full Bredt-Batho torsional stiffness to the effective 

value) for the steel box designs referred to in Chapter 

Two vary between 1.6 and 17.8. Still larger reductions 

were necessary for the analysis of the Merstham Interchange 
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model and the Bifurcated Elevated Highways model, and, 

although the analysis method was shown to be insensitive 

to small changes in torsional stiffness properties, the 

large reductions necessary for the more flexible designs 

had marked effects on the transverse distribution of load. 

(3) Standard grillage analyses using the full Bredt-Batho 

torsional stiffness without an allowance for distortion 

overestimate the torsional moments and therefore provide 

conservative results for distortional stresses. However, 

they also overestimate the degree of transverse distribu-

tion of loading and therefore provide non-conservative  

results for longitudinal bending stresses. 

8.1.5 Particular conclusions relating to skew supported  

multibox structures  

(1) Skew supported multibox structures were studied with 

particular reference to a model which simulated a trial 

design for the slip road structures of Merstham Interchange. 

It was found that the effects of the skew supports were to 

produce high differential deflections between the box 

girders, which initially had internal diaphragms only . 

above the bearings, in the region of the inner skew support, 

thus accentuating the distortional stresses in the box 

girders and the transverse stresses in the deck slab. 
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(2) A study of a number of alternative internal and 

external diaphragming arrangements was made in an attempt 

to overcome this problem. It was found that, if internal 

diaphragms were placed in adjacent boxes on a cross 

section perpendicular to the longitudinal axis, transverse 

stresses in the deck slab could be increased significantly. 

This is because the undiaphragmed box, due to its lack of 

distortional stiffness, can more readily follow the trans-

verse deflected shape of the slab and therefore transverse 

moments are lower than those obtained when the distortion 

is prevented and a hard polnt is produced at the inter-

section of the edge of the box and slab. 

(3) It was found that a compromise between maximum trans-

verse slab and box stresses could be obtained by siting 

diaphragms in adjacent boxes in such a way that they were 

offset longitudinally. Alternatively diaphragming could 

be extended between the boxes largely eliminating differ-

ential deflections, but this solution is likely to be less 

acceptable in terms of cost, aesthetics and ease of main-

tenance. 

(4) If rigid diaphragms are provided in and between the 

box girders at skew support positions in a direction 

perpendicular to the span, the distortional response of 

the structure between support diaphragms is similar to 
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that of the equivalent right supported structure with a 

span equal to the distance between inner skew supports. 

(5) The equivalent right bridge structure was analysed 

with both single and twin supports under each box to 

determine the effect of providing an individual torsional 

restraint for each box. The differences between the two 

analyses were small as the torsional response was over-

shadowed by the distortional deflections, but they do 

indicate that the torsional stiffness of each box is 

small when compared with the torsional stiffness of the 

complete structure restrained by single supports under 

eaoh box. The use of a single bearing at each support 

position simplifies pier and foundation design. 

8.1.6 Particular conclusions relating to the behaviour  

of the bifurcated elevated highways models  

(1) The choice of Araldite and sand, and steel for the 

modelling materials resulted in a high degree of dimen-

sional accuracy and consistent material properties. The 

material properties were such that testing was largely 

time and temperature independant. The instrumentation 

proved to be extremely reliable and very few gauges 

failed during testing. 
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(2) Both concrete models exhibited the secondary warping 

behaviour associated with thick webs referred to in 8.1.1. 

This could lead to increases in longitudinal stress of up 

to 30% of the longitudinal stress which would be obtained 

for the same loading by theories which treat the section 

as thin walled and could result in an increase of up to 

15% on the maximum overall longitudinal stress. 

(3) Transverse in-plane stresses were generally low and 

only of siginificance where bearing stresses occurred in 

the webs. 

(4) Transverse flexural stresses were significant and of 

the same order as longitudinal stresses for the same load 

in the concrete models. Transverse flexural stresses in 

the composite multibox model varied between spans accord-

ing to the number of internal diaphragms used but again 

maximum values were of the same order as maximum longitu-

dinal stresses. 

(5) Large transverse bending stresses were produced in 

the deck slabs of all three models between the boxes at 

the bifurcation. These stresses would be controlled in 

practice by diaphragming between the boxes. Large stresses 

were also produced in the deck of the composite multibox 

model in the vicinity of internal diaphragms which were 

located in adjacent boxes at coincident cross sections. 
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These stresses could be reduced by the methods described 

in 8.1.5 for the Merstham Interchange model. 

(6) Principal stresses were measured at gauge positions 

near the bifurcations. It was found that the principal 

stress directions in the flanges of loaded box cells 

coincided with the longitudinal (i.e. spanwise) and 

transverse directions and that maximum longitudinal 

stresses agreed closely with maximum principal stresses. 

The directions of principal stresses in unloaded cells 

did not conform as closely with the longitudinal and 

transverse directions. 

(7) One of the internal diaphragms in the concrete spine 

beam model was instrumented to read principal and shear 

stresses. When loads were not applied directly above the 

diaphragm the principal stresses acted along the diagonals 

and maximum shear stresses occurred in the vertical plane. 

The principal action of the diaphragm was to resist dis-

tortion of the cross section and stresses on both faces 

of the diaphragm were in agreement showing that out of 

plane bending effects were small. Where loads were 

applied above the diaphragm the principal stresses were 

modified by bearing stresses which had the effect of 

rotating the principal directions towards the horizontal 

and vertical. 
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(8) All three models demonstrated the high degree of 

transverse distribution of loading obtained with 

effectively diaphragmed box girders by virtue of their 

high torsional stiffness. This transverse distribution 

of eccentric loading produces a complex three dimensional 

stress system which must be considered in the design of 

both steel and concrete box girder structures. 

• 
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8.2 DESIGN METHODS 

Two principal design specifications which give 

guidance on the effects of distortion and transverse 

load distribution are the American Association of State 

Highway Officials (AASHO) "Standard Specification for. 

Highway Bridges"(37)  and the British Interim Design Rules 

(38)  
(IDR) 	issued by the Department of the Environment. 

The treatments given tothe subject of distortion by 

these documents differ radically in emphasis. The AASHO 

rules are restricted to composite multibox bridges in 

which the spacing between boxes is approximately equal 

to the box width. Other dimensional restrictions are 

also imposed. A simple empirical formula is given for 

determining the transverse distribution of loading 

based on analytical and experimental studies of a wide 

range of structures of this particular type. The studies 

also indicated that for the range considered it was not 

necessary to consider the effects of distortion of the 

cross section even if diaphragms were provided only at 

pier positions. 

No such dimensional restrictions are imposed by the 

British I.D.R. which are applicable to all steel and 

composite box girder structures except suspension bridges. 
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The approach adopted in the I.D.R. is to provide a simpli-

fied design method with which the designer can assess the 

distortional behaviour of his structure. The method 

resulted from the parametric studies described in Chapter 

Two of this thesis and is based on a simplified beam on 

elastic foundation analogy method in which limits are 

placed on the minimum stiffness of diaphragms so that the 

non-dimensionalised design curves (e.g. Fig. 45) can be 

replaced by simple expressions relating transverse distor-

tional bending stresses and distortional warping stresses 

to the antisymmetrical loading and the distortional prop-

erties of the box cross section. The basis for the design 

method is given in Appendix D. In addition design aids 

are given to assist in the calculation of the distortional 

parameter13 (see Appendix B) and to provide the summation 

of the effects of the four axles of the HB vehicle (Fig. 289). 

The method considers a single cell cross section but it is 

applicable to separate boxes in multibox structures if the 

distribution of applied torques is known for each cell. 

The designer is left to choose an analysis method to obtain 

the load distribution. 

Undoubtedly the I.D.R. for distortional effects are 

simple to use and quickly give an assessment of peak dis-

tortional effects but they have the disadvantage that 

they can be applied without the physical understanding of 
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the structural action which the full BEF method can supply. 

A knowledge of the ranges of diaphragm effectiveness dis-

cussed in 8.1.2 enables the designer to proportion diaphragms 

efficiently. The other disadvantage is that if the designer 

uses standard grillage programs for global analysis without 

making allowance for distortional deflections, he will 

obtain an overestimate of distortional stresses but an 

underestimate of maximum longitudinal bending stresses. 

The combined use of grillage and BEF methods proposed in 

this thesis provides a close approximation to the correct 

degree of load distribution and the prevailing stress 

levels. It would, of course, be possible to use a grillage 

analysis with the torsional stiffness reduction factor 

suggested in this thesis and then to use the I.D.R. for 

calculation of distortional stresses, but it seems that 

while 'employing a computer program for the grillage 

analyses, it would be sensible to have a single program 

comprising grillage and BEF sub programs to carry out the 

complete analysis. 
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8.3 FUTURE WORK 

Attention has been drawn in this thesis to the 

potential fatigue problem at the intersection of trans-

verse stiffeners at the corners of stiffened steel box 

girders. The transverse distortional bending stresses, 

which may be fully reversible and which cause the 

fatigue problem, are calculated for the transverse 

stiffener acting with an effective width of plate 

obtained from Equation B9 given in Appendix B. This 

formula was derived by Wright
(13) from curves given in 

the A.I.S.C. manual
(65). The effective width is used 

in two stages of the analysis - in the calculation of 

the frame stiffness of the cross section, and in the 

calculation of stresses from transverse moments. 

Equation B9 is adequate for the calculation of transverse 

stiffness but it does not represent the variation in 

effective width which occurs near the corners of the 

box and which affects the stress levels at this location. 

The intersection of stiffener outstands on adjacent 

plates occurs at some distance from the box corner where 

the effective width is, in general, approaching the 

value given by Equation B9 but an experimental investiga-

tion of the variation in effective width appropriate for 

stress calculations in the vicinity of the box corner 
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would enable the complete distribution of stress at 

the box corner to be obtained. 

Having calculated the stresses at the box corners, 

it is necessary to consider the fatigue performance of 

the corner welds. The longitudinal weld joining 

adjacent flange and web-plates is subjected to longitu-

dinal direct stresses, shear stresses, transverse 

bending stresses and bearing stresses. The fillet 

welds used for joining transverse stiffeners are sub-

jected to shearing caused by distortion of the cross 

section. Little fatigue data is available for the 

performance of such welds and there is a need for a 

comprehensive experimental study of this problem. 

The two Bifurcated Elevated Highways models which 

simulated concrete structures exhibited the phenomenon 

of 'secondary warping' which manifests itself as an 

increase in longitudinal stress across the width of 

thick webs in a direction away from eccentrically applied 

loading. This behaviour represents a departure from 

normal thin-walled theory and the test results indicate 

that the magnitudes of the increases in longitudinal 

stress can be, significant. It is hoped that a study of 

larger scale micro-concrete box girder models at present 

being carried out at Imperial College will provide 

further information on this topic. 
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A possible extension to the BEF-grillage analysis 

would be the derivation of the warping property Ib 
and 

the frame stiffness k for a multicellular cross section. 

This would lead to a more rigorous treatment of multi-

cell structures than that proposed by Kee
(49)  referred 

to in Chapter Three. 

This thesis has concentrated largely on the effects 

of cross sectional distortion at the serviceability 

limit state and a rational basis for the proportioning 

of internal diaphragming has been provided. It is 

expected that in many cases this will obviate the need 

for internal diaphragming especially in concrete box 

structures. Recent box girder research has concentrated 

almost exclusively on the ultimate behaviour under 

symmetrical loading, and the implications for collapse 

under eccentric loading on undiaphragmed structures 

must not be overlooked. The way now appears to be open 

for the development of an ultimate global analysis 

method based on the grillage-BEF approach for considera-

tion of the collapse limit state. 
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APPENDIX A. DERIVATION OF THE GOVERNING DIFFERENTIAL 

EQUATION  

An energy argument leads to Equation 2.1. The component 

of displacement in the plane of the cross section and in 

the direction along the tangent, s, to the section is 

denoted by v(x,$) and the warping displacement by u(x,$). 

The basic assumption of negligible shear strains may be 

expressed as 

3u(x,$) 	av(x,$)  = 0 , 	  (A1) 
as 	3x 

The termav/3x is found from the distortional deflec-

tion W(x) shown in Figure 5 and v(x,$) is expressed as the 

product W(x).V(s). Therefore 

u(x,$) = - 1111 (x)Qd(s) 	  (A2) 

^s 

where d(s) = V(s)ds + C 

so 

The strain energy U1, corresponding to tha warping 

stresses is given by 

L )2 

U = ( 3u(x,$) 	dA dx 1 2 	ax 
o [11A 
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therefore 

L 

ir 

U 	lE Cd 	(W1/.)2  dx 	 (A3) 
1 = i d 

where 	Cd =d
2
(s) dA 

A 

S2d2 	t(s) ds 

and 	t is the plate thickness 

L is the span. 

The energy, U2, required to distort a length dx of the 

box cell is given by 

therefore 

dU2  = 1 KW
2
dx 

2 

L 

U2  = 1 K 	W2  dx 	 (A4) 
2 	2- 

O 

where 	K is the frame stiffness per unit length. 

The energy U3  of the external forces is given by 

Jr L 

U
3 

= - 	p W dx 	  (A5) 

where 	p is the generalised force per unit length. 

The total potential energy U is given by 

U = U
l 
+ U

2 
+ U

3 

0 

0 
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therefore L 

U = 1 E Cd 	(4"  )2  dx 
2 

o 

L 

Jr 

+ 1 X 	W
2
dx - 

-"‘L 

vo 2 
0 

pWdx 	 (A6) 

The usual processes of calculus for minimising the 

total potential energy result in the Euler-Lagrange 

equation for W which is identical to Equation 2.1. 
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APPENDIX B. DERIVATION OF BEF PROPERTIES  

B.1 RESISTANCE OF CROSS SECTION TO DEFORMATION 

The load-displacement relationship for the box cross 

section subjected to distortional loading is computed by 

taking a unit length of the cell loaded by a unit generalised 

distortional force and finding the redundant forces by the 

influence coefficient method. The distortional deflection 

t3
I 
can be found by the principle of virtual displacements. 

The cross sectional dimensions are shown in Figure Bl and 

a unit generalised distortional load is shown in Figure B2.. 

Considering bending energy only, release the structure 

at the centre of the bottom wall giving the Mo  diagram 

(Figure B3). From conditions of skew symmetry, there is 

only one redundant force which is a vertical shear. Placing 

a unit load at the release position gives the M1 
diagram 

(Figure B4): 

2 

f11 =1
141 ds 
EI 

-f 
-111 = 	

1 bB bB 
2 

D
B 

2 2 

Now 

-- 

• 
- 	1 
3-  

+ 1 
D 
T 

1 
3- 

bT 
bT 

2 

2 
+ 1 	c,„ 2 . bT + 

2bTbB 
 + 2(T 

D
C 	L 	2 	4 	2 211 
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therefore 

f. ,. __.:t.   
11 12 D 	D 

T 	c (b

T24.blibBl.bB
2
) 4.. bB3--  

DB  
[ 3 

_.1  bT 4.  2c 

J-14 M
o  ds .  U - 

.1  
o ET 

therefore 

3 
U -  	TBBT 	B' T 
o (b

T
+b
B
)24 D

c 	
D
T 

f
11
V + U

o = 0 

therefore 

V 

1 	1 
D
c 
[*(2b

T
+b

B
) b

T
b
B
ci + D

T
[b

B
b
T  

(bT+b.„DI) bT
3 

[ D 
2c.(bT2-113Tbil-bB2) bi3 -1--3 

T Dc 
	

D
B  
] 

	 (B1) 

The bending moment diagram is shown in Figure B5. The 

displacements are most easily found by applying a virtual 

unit load to an idealised structure at the point where the 

deflection is required. The idealised structure consists 

of half the box held in equilibrium under the applied load 

by in-plane shears in the proportion of the Bredt-Batho 

shear flows (Figure B6). 

Deflections are computed relative to the centre of the 

top flange. 



231 

(i) Vertical deflection at top of web, 6 1  

IMM' 
1 6 = EI ds 

b
T
b
B  

D 
	

2(bT+bB) 

hence 

b
T
b
B  ( 	

b 
T B  

6 - 	- V (2b ±b ) 
1 24(b

T
+b
B
) D

c 
(b
T
+b

B
) 	

T B) 

2 
 bT

2
li. bB 
	- V D

T 
(b
T'13

) ] 

61 
 is the deflection of the box cell under a unit 

generalised distortional load and it is therefore the 

distortional flexibility of the cell. The relative deflec-

tions of the other corners of the cell will now be computed 

for use in defining the deformation of cross bracing and 

diaphragms. It is not necessary to repeat the above 

calculation for other unit loads as the M' diagrams are of 

the same form and the deflections can therefore be found 

from proportions. 

b
T B 6
+b 

Deflection = M
D b b 	1 

T B 

(ii) Horizontal deflection at top of web 

The horizontal deflection relative to the centre of 

the top flange is zero. From inspection it can he seen that 

(B2) 



232 
	 232 

the M' diagram is zero. 

(iii) Vertical deflection at bottom of webVB (see Figure 

B7). 

b
T
2 

D 	2(b
T
+b
B
) 

therefore 

b
T1 

= VB b 

(iv) Horizontal deflection at bottom of web cSHB 
(see 

Figure B8). 

b
T
h 

mD 
_ 	

) 
T B 

therefore. 

SHB = 
-2h 1 
---  b 

B 

The distortional stiffness K (= 1/S1) is computed from 

Equations Bl and B2. In order to simplify the calculation 

of the 0 parameter, the expression for which includes K, 

curves were derived for inclusion in the Interim Design 

Rules. If the dimensionless groups y(= BB/BO, X(= C/BT), 

a(= DYB/DYT), and V(= Dyc/DYT) are substituted into 

Equation B2 this equation reduces to 

24DYTR 
K = 1/(31  = 	B 3  

B 
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where 

R - 
.v.f [- --2-1  tL -- (2 y)S1  v 1 + y 	' 	1 + y 	Sl  

and 

S = 	(YX/v). (2 	y) + y  

1 + y + 	( 1 + y) (1 + y 	y2) 	Y3  (1 )  
a 

then 
=24DYTR 

EICBT
3 

For rectangular boxes, y = 1 and the. equation for R reduces 

to 

R = 
T)  [1 	3 0A/v + 1) 	1 	(3A/v + 1)  

(2 + 12X/v + 2/a)j 	2 	(2 + 12A/v + 2/a) 

This expression for R is in terms of two variables only 

(A/v and a) and therefore a family of curves can be plotted 

for R against a for different values of A/v. Values of X/v 

and a in Table 5 suggest that the practical range of a is 

from 1 to 2500. Values of R are plotted for these ranges 

in Figure B17. 

The general expression for R for trapezoidal boxes has the 

additional variable y which may be related to A by the 

expression 

2 

A = (1 - y)/2 cos 0 

where 0 is the side slope of the box. 
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Curves similar to those for the rectangular box may be 

plotted for particular values of e and X. A common side 

slope is 60°  and it was decided that a series of curves 

for evaluation of R for this slope would be useful. Curves 

were plotted for values of A of 0.8, 0.5 and 0.3 and are 

shown in Figures B18-20 for the practical range of parameters.' 

Values of R for other values of A may be found by logarithmic 

interpolation between the curves for particular values of 

a and A/v. 

I 
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B2 PROPERTIES OF DIAPHRAGMS 

Diaphragms, cross bracings and ring stiffeners restrain 

deformation of the box cross section just as intermediate 

supports restrain the deflection of a BEF. The diaphragm 

stiffness analogous to the support stiffness of the BEF 

is evaluated for various diaphragm configurations. Bracings 

are considered first. The bracing stiffness is defined as 

the magnitude of concentrated antisymmetric load producing 

a unit distortional deflection of the bracing. This may be 

calculated by applying the distortional component of this 

loading as four concentrated loads acting at the corners of 

the box along the diagonals (Figure B9). 

B2.1 Diagonal Cross Bracing  

Consider the loading ofFigure B9. By antisymmetry the 

forces in AB and DC are zero. Resolving the forces horizon-

tally and vertically at A gives a force P in the diagonal 

brace, and zero force in the web member. Each brace of a 

pair has the properties: Length Lb; area Ab; and Young's 

Modulus Eb. The change in length of the diagonals, 6b, for 

unit antisymmetrical load is calculated by resolving the 

deflections of diagonally opposite nodes in the direction 

of the diagonal (Figure B10). 
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Therefore 

b 
= 	+ 61 I + ol 11 

where 

6„ = h 
Lb uVB 

(bT+bB) 
 

6111 = 	
Di  6  

?_Lb  ..Lb  11B 

therefore 
bT 

Sb =

2(1+s; . 

	 (B3) v/ 	 

(
b
T
+b
B  1+ 	 

2h 
• 

From Figure B9  

2 ( 1-i- 1-71 

Q = 1
. 
 7.03A2 

1+ 	 2h I 

Now 

	

Ab 	LB 
= Eb. extension  

for unit vertical distortional deflection the extension is 

(3 
b
A and Q is then the diaphragm stiffness. 

Substituting for P and extension 

	

6 1Q 	Eb b 

6  bAb Lb 6  1 

h61  
- 
Lb 
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Q = 
bb  ( b  	  (B4) 
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Therefore 

B2.2 V-type bracing  

The stiffness of this type of bracing is calculated 

in a similar way. Considering Figure Bll and resolving 

vertically at B 

P sin (1) = F cos 0 

therefore 

F = 
Ld 

Resolving vertically at A 

R cos i = P sin 	+ F cos 0 

therefore 

2PLb  
R - L

d 

6  b P 
Q = 6—  

1 

therefore 

R 
26
1
L
b Q 

d
b
L
d 

• 
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The extension, S, of the brace is calculated by 

resolving the deflections at each end of the brace in 

the direction of the brace (Figure B12). 

Therefore 

 
6 . 61 + 6, , = 

L 
h 1 + 

b
no 1  . 

2L 

bT 

b B 	b 

Slh( bT) 
1 + - 

Lb 	b
B 

for unit distortional deflection 

bT (B5) 
6 = Lb  (1 

bB 	  

R Eb.extension 
Ab 	Lb 

therefore 

E
b h 1 b

T 
261Lb Q 

6bLd Ab Lb Lb 	bB  

therefore 

EbAbh ( 	bT 	6 b 
2Lb 	

, 
1 	b

B 
1-jd (51„ 

EbAbh 	 bT  6 b  
Q  177,b  I'd 1  bB  	  (B6) 
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B2.3 'Inverted V-type bracing  

Considering Figure B13 and resolving vertically at A, 

F = 
Ld  

Resolving vertically at B 

R sin 0 - 
L
d 

Therefore 

2PLb  

	

R - 	 
Ld 

	

= 	P (5
6b 

1 

Therefore 

R - 2 1Lb  
. Q 6

b
L
d 

The extension, 6, of the brace is calculated by resolving 

the deflections at each end of the brace in the direction 

of the brace (Figure B14). 

Therefore 

2Ph 

6 = I + 611 

h 6
1  bT . h  

Lb  bB  Lb  1 

(B7) 
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but 

R Eb.extension  
Ab 	Lb  

Substituting for R and extension 

Q = 	 
EbAbhLd  ( 

1 
+ bT 

sp.    (B8) 
2L
b
3 	B 1 

B2.4 Ring Stiffening  

The diaphragm stiffness of ring stiffening can be 

calculated from Equation B2 for 61  when Do, DB  and DT  are 

replaced by the EI of the relevant stiffener plus associated 

effective width of plate do  which may be calculated from 

( 5.6 11 ) 

	

b tanh 	a  d
o 
-   (B9) 

5.6
b  

(1-v
2
) 

a 

where 	b is the stiffener spacing 

a is the span of the plate in the transverse 

direction. 

Stiffeners on opposite walls of the box but not on 

adjacent walls at coincident sections (e.g. Fig. B15) can 

be treated by a similar approach. The effective width of 

unstiffened wall, which acts with the combined stiffener 

and effective width of plate on the adjacent plate, is 
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computed by considering the behaviour of an infinitely 

long plate with a width equal to the span of the plate in 

the transverse direction, subjected to a concentrated 

moment on one edge. The governing differential equation 

for this problem and its solution are described in 

Reference 14. Figure B16 shows the effective widths for 

plates varying in span from three to ten feet. Having 

obtained the effective width its EI is used in Equation B2 

to compute Si  and hence Q. This procedure may also be used 

where transverse stiffeners on webs are offset longitudinally 

from those on flanges by an amount greater than the effective 

plate widths. Where stiffeners are not offset by this 

amount a complex interaction exists and an intermediate 

stiffness between the full interaction and zero interaction 

values should be used. 

B2.5 Plate diaphragms  

The stiffness of a plate diaphragm may be approximated 

by replacing it with an equivalent pair of cross braces. A 

rectangular plate diaphragm in pure shear would have the 

same stiffness as cross bracing of area Ab  given by 

G_tpli 3 

	

Ab 
	  (B10) _ Ab 	2E

b
A
p 

where 	G 
P 
 , t 

P 
 , A

P 
 are the shear modulus, thickness 

and middle surface area of the plate. 



3/
2 

[ 	
(b

T
±b
B 1. 	
)  

2h 
(B11) A b Eb 

(bT+bB) 

G 
P 

 t 
P
h
2 
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For a trapezoidal diaphragm the equivalent bracing 

area can be approximated by 

The formulae for diaphragm and bracing stiffnesses are 

summarised in Table 1. 
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B3 WARPING STRESSES 

Wright et al(13) suggest the use of I
c
/4 as an 

approximation to the warping property which is analogous 

to the inertia of the BEF. They also give a procedure 

which leads to an exact warping property Ib  but 

unfortunately there are misprints in the paper which 

make some of their expressions dimensionally incorrect. 

The derivation of the exact warping stiffness which is 

lengthy is not repeated here but the correct expressions 

leading to Ib are given below. 

bB I
b 	4 1PB (*T qWT IPBqWB 	4CcIWC) 	 (B12) 

where 

T 
= et3 

= al  - 2h/bT  - a3  

C 
= h/c + (DT-bB) 3/2c 

2h  b  (1 4. bB 

13 	

) a = 
T 

1  

a2 = 1.0 

(  
2h - BB BC 

bE 
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t
T 	t b 

q 
BT 	6 ( 	+ 2b 	w  

4Tc  

tB 6 
 b
B-  twbBc q

BB 
- 

4 (
b
T
+b
B
) 

tw 2 

qBC - 12 
-bB ) 

+bB 

t r 
T w 

cIWT r  6bp 
3 	(1-rw) twcbT  

+2b 	- 	 
P 	4 

 

t 
2 b B B 	(1-rw)bBc tw 

 

cIWB 	6 

  

 

(l+r ) c2 tw 

 

 

qWC 	12 

  

   

and 
bB4tB 

+ c(b
T
+2b

B
) t

w  
r - w b +2by 	 t

T 
 c(2b

T+bB) w  bT 

The errors resulting from the use of the approximate 

warping property Ix/4 and Equation 2.15 for calculating 

warping stresses are defined by the following ratios: 

(i) r
R 
 - the error in 0 

\/41b 
r = 4 
0 	Ix 

(ii) 'rs - the error in aDW resulting from the use of 

Equation 2.15 rather than Equation 2.4 

r _ 2(h-Y)  
s b

Bb 



245 

B4 CALCULATION OF DISTORTIONAL SHEAR STRESSES AND 

DIAPHRAGM FORCES 

The calculation of transverse distortional bending 

stresses aDB and distortional warping stresses aDW from 

the deflections and moments given by the solution of the 

analogous BEF are given in Chapter Two. In addition, 

distortional shear stresses and diaphragm forces can also 

be calculated from BEF results. Distortional shear stresses 

are analogous to BEF shears and diaphragm forces are 

analogous to BEF support reactions. 

B4.1 Distortional shear stresses  

The derivation of Ib in Reference 13 shows that the 

increase in in-plane shear qw* per unit length of box in 

the spanwise direction for an element of width dx is given 

by 

d2s 
qi,1* 	ClW dx 2  

dx 	  (B13) 

where 	qw  is the relevant value of qwT, %III  or qwc  

given in B3 

s is the distortional warping stress at the 

bottom of a web and is given by 

EbB B
W" 

s = 	2 



Qw - 21
b 

qcP1PBQBEF  
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The total distortional shear force Q
w 

in any plate 

is given by the integration of Equation B13. 

Therefore 

ds 
Qw - qw dx 

but 

EbBPB M 1311)
BM 

s - 
2 EIb  2Ib  

where 	M is the BEF moment. 

Therefore 

ds = 1PB . dM 
dx 2Ib dx 

and 
dx 
dM is the BEF shear force Q

BEF 

Therefore 

	  (B14) 

The average distortional shear stress TD  in any plate 

is then given by 

Qw 
T
D 	bt 
	  (B15) 

where 	b is the span of the plate in the transverse 

direction 

t is the plate thickness. 
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B4.2 Diaphragm forces  

The diaphragm or bracing stiffness Q is defined as 

the magnitude of concentrated vertical antisymmetrical 

load acting above the bracing which would deform the 

bracing to produce unit deflection W. The bracing 

forces are related to . Q in B2. If the support reaction 

given by solution of the analogous BEF is R then the 

forces in bracing are found by multiplication of the 

expressions for bracing forces in terms of Q by R/Q. 

The corresponding shear stress T in a plate 

diaphragm is given by 

Rb
T 

T p h (bT+bB) tp 
	  (B16) 
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APPENDIX C. SETTING OUT DETAILS FOR BIFURCATED ELEVATED  

HIGHWAY MODEL 4 AND LOCATION OF INSTRUMENTATION  

SECTIONS ON THE MODELS  

Cl. SETTING OUT DETAILS FOR MODEL 4 

(1) Arcs BF, FG, GJ, JK and KC2 are equal 

(2) Diaphragm lines FF', GG', JJ' and KK' are radial 

(3) Web 1 has constant centre line radius of 1220.5 mm 

(4) Web 6 has radius of 1500.5 from BB' to curve reversal 

line RR' and then a reverse curve of 1541.5 mm radius 

(5) Web 2 has radius of•1276.5 mm from BB' to GG' at (i) 

and radius of 1288.5 mm from (ii) to C2C2'. (i) to 

(ii) is a straight 

(6) Web 3 has radius of 1332.5 mm from BB' to GG' at (iii) 

and radius of 1356.5 mm from (iv) to C2C2'. (iii) to 

(iv) is a straight 

(7) Web 3A (radius 1424.5 mm) and Web 4A (reverse radius 

1679.5 mm) meet at (v) 

(8) A straight from (iv) to (v) meets the reverse curve 

of web 4A (radius 1633.5 mm) at (vi) and (vi) 	(vii) 

is radial to the reverse curves 

(9) Web 4 has radius of 1388.5 mm from BB' to FF' at (viii) 

and a straight joins (viii) to (vi) 
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(10) (x), (xi), (xii) are the midpoints of (iii) - (ix), 

(iii) - (iv) and (ix) - (vi) respectively 

(11) Web 5 has radius of 1444.5 mm from BB' to (xiii) and 

reverse radius of 1587.5 mm from (xiv) to C1C1' 

(xiii) to (xiv) is a straight. 
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C2. LOCATION OF INSTRUMENTATION SECTIONS. 

C2.1 Model 1 (Figure 117) 

(i) Instrumentation Sections 0-0, 3-3, 9-9, 11-11, 13-13 

and 15-15 are on the centre lines of support diaphragms 

(ii) Instrumentation Sections 2-2, 10-10 and 14-14 are at 

midspan of the outer spans 

(iii) Instrumentation Sections 1-1, 4-4, 8-8 and 12-12 are 

4.5 mm from the face of the support diaphragms (i.e. 

22.5 mm from the centre line of the diaphragms) 

(iv) Instrumentation Section 5-5 is on the line of the 

diaphragm with gauges on the webs 4.5 mm from both 

faces of the diaphragm, and gauges on both faces of 

the diaphragm 

(v) Instrumentation Section 6-6 is radial, midway between 

the two diaphragms, to the centre line of Web 3, and 

then radial to the reverse curve 

(vi) Instrumentation Section 7-7 is radial to both curves 

from the inside of the bifurcation radius. 

C2.2 Model 2 (Figure 129).  

(i) Instrumentation Sections 1-1, 3-3, 8-8, 10-10, 12-12 

and 14-14 are on the centre lines of the support dia-

phragms 
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(ii) Instrumentation Sections 2-2, 9-9 and 13-13 are at 

midspan of the outer spans 

(iii) Instrumentation Sections 4-4, 7-7 and 11-11 are 4.5 mm 

from the faces of the support diaphragms 

(iv) Instrumentation Section 5-5 is on the curve reversal 

line 

(v) Instrumentation Section 6-6 is radial to both curves 

from the inside of the bifurcation radius 

C2.3 Model 4 (Figure 139) 

(i) All Instrumentation Sections except 2-2, 6-6 and 11-11 

are on diaphragm lines 

(ii) Instrumentation Section 2-2 is at the quarter point 	I 

of Span A-B 

(iii) Instrumentation Section 6-6 is radial midway between 

diaphragms to Web 3A and then radial to the reverse 

curve 

(iv) Instrumentation Section 11-11 is at midspan of Span 

C2D. 

a 
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APPENDIX D. A DESIGN APPROACH FOR DISTORTION AND THE  

BASIS FOR INTERIM DESIGN RULES 

CLAUSES 6.3.4 AND 6.3.5  

D1 DESIGN APPROACH 

-The dimensional span length, in, for most practiCal 

box girder structures is such that the support diaphragms 

do not significantly affect distortional stress levels 

at midspan. If internal diaphragms are for the moment 

neglected, each box can be analysed as a separate infinite 

BEF for which the following simple solution for peak 

stresses exists: 

(a) For uniformly distributed loads 

PUDL'Y  
a DW p

2
.1x 

PUDLD 
a
DB 

— 2 

(b) For knife edge loads 

PKE  
a DW x 

PKE.FD.0 a
DB 

 
2 

(DI) 

(c) For one axle of HB loading 
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PHB.  
a
DWx 

(Dl) 

PHB.FD.B  
CI
DB 

- 	2 

The effects of the four axles of the HB vehicle are 

obtained by the summation: 

aDW (total) = a  DW G (C  (3.x ) 

= a DB 
(A ) 

aDB (total) 

where (D2) 

Aix  = e.
-x  (cosOx + sin 0x) 

C
f3 
	 cosy - sin 6x) 

x is the longitudinal distance of the axle 

from midspan. 

If aDB 
are unacceptable they may be reduced by 

diaphragming or by the redesign of transverse stiffening, 

and if aDW 
are unacceptable they may be reduced by dia-

phragming or by increasing the flange areas. Reduction 

factors which depend upon diaphragm spacing, pp, may 

be applied to the upper bound values of aDB  and a DW 

given by Equations Dl and D2 when internal diaphragms 

are provided. 

If R and RB 
are the desired fractions of the values 
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of 
DW 

 and  aDB 
with no dialcihragming then the diaphragm 

spacings necessary to achieve these reductions are given 

by: 

(a) For knife edge, HB and point loads 

0:35 2 
(
RB) 8  

(b) For uniformly distributed loads 

/E71;  
LD  

2.2(R )
0.27 

L
D 
- 	 S 

 

i.e. a 	 = R DW desired 	w DW with no diaphragms. 

Equations D3 are derived from the dimensionless 

curves given by Wright et 
al(13) 

for concentrated loads 

and Billington
(14) for uniformly distributed loads and 

reproduced in Figures D1 to D8. Provided the diaphragms 

have a dimensionless stiffness q (see curves) such that 

the dimensionless BEF moment, m, or deflection, w, is 

the minimum for a given value of f3I.J, then Equations D3 

represent the sloping straight line of the curves. In 

other words, the effective diaphragm rigidity is infinite 

and Table 18 gives the minimum diaphragm stiffness for 

(D3) 
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given values of n to achieve this. Expressions for q 

for various types of diaphragming are given in Table 1. 

Diaphragms are then designed to take the full distortional 

loading. For plate diaphragms the shear stress T D  is 

given by: 

p.b
T  

TD h(b
T
+b
B
)t
p 
	  (D4) 

For cross bracing with the compression brace fully 

effective, the force FB in each brace is given by: 

FB . P 	  (D5) 

where . P = antisymmetrical distortional load acting 

above one web 

D = depth of box 

t = thickness of plate diaphragm. 

• 
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D2 BASIS FOR DESIGN RULES 

Clauses 6.3.4 and 6.3.5 of the Interim Design 

Rules
(38) 

are largely based on the simplified design 

approach described in D1 but Equations D1 and D3 are 

combined to allow for the influence of diaphragms 

directly as it was felt that it was often necessary to 

space internal diaphragms for considerations other than 

that of controlling distortion. 

The combination of Equations Dl and D3 leads to 

the following maxima for aim  and aDB  

(i) 	For a uniformly 

per unit length 

a 
DW 

a 	= DW 

Jil)B 	7  

a 	_ 
DB 

distributed applied torque 

of span 

T
UDL 	I'D

2 

Tum  

1.6 

1.6 

2.65 

2.65 

■ 1111. 

—(D6) 

for 13 LD  < 4.5 bT  Ix  

2  T 	LD UDL y 
0.6 	for 13 LD > pilto r bT  Ix  

TUDL FD for f3LD  > b
T 
Z 

TUDL FD  CLD)3.7 
for f3 LD  < 2 bT  Z 	2.2 

(ii) For a single applied torque T due to axle or knife 

edge loading applied midway between diaphragms 
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T y LD  
a 

	

DW 	bT  I• 

T y LD  

	

ajaW 	( IjD / ix bT 

T FD  (131,33) 

DDB 2b
T  LD  Z 

for RL
D 	

1.0 

for D > 1.0 

for 13L1) > 2 

-(D7) 

T  

D 	

FD  a — 
B 	15.5b 	Z (I'D

)3.9 for  RLD 	2 
T D 

The design rules incorporate the curves provided 

for the simplification of the B calculation described in 

Appendix B. Also the summation factors for the HB 

vehicle used in Equation D2 are plotted for the range 

of R over which there is interaction between the effects 

of adjacent axles (see Figure 289). 

The rules as drafted provide a simple method for 

assessing the importance of distortional stresses in 

steel box girders. Approximations used in the rules 

lead to conservative results. 
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Diaphragm type 

Plate diaphragm 
(spacing 1) 

f~-I h .. ' ,Lb Gp 
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t Area of X-sect ~ A 

Cross bracing 

Inverted K 

Ring stiffener 

"lhere 

Q 

2 2 
G.:I t Lb 0b P P 

2A ° 2 P 1 

G t L 3 
P P b 
2E A 

P P 

2AbE A t = _____ ...... P_P ..... 

P G L 3 
P b 

1 

°1 

t 1b
2 

P = 4Gph{b
T

+bB} .01 

) 

Table 1. Diaphragm formulae 
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SECTION 

NUMBER 

A 

metres 

(feet) 

B 

metres 

(feet) 

C 

metres 

(feet) 

D 

metres 

(feet) 

t
o 
mm 

(inches) 

t
b 
mm 

(inches) 

t
d 

mm 

(inches) 

1 1.8 (6) 1.8 (6) 1.8 	(6) 1.8 (6) 300 (12) 300 (12) 300 (12) 

2 3.6 (12) 3.6 (12) 9 	(30) 1.8 (6) 300 (12) 225 (9) 600 (24) 

3 5.4 (18) 5.4 (18) 9 	(30) 1.8 (6) 300 (12) 150 (6) 600 (24) 

4 7.2 (24) 7.2 (24) 9 	(30) 1.8 (6) 300 (12) 113 (41/2) 600 (24) 

5 3.6 (12) 3.6 (12) 9 	(30) 1.8 (6) 13 (1/2) 25 (1) 13 (1/2) 

6 5.4 (18) 5.4 (18) 9 	(30) 1.8 (6) 13 (1/2) 16 (1/2) 13 (1/2) 

7 7.2• (24) ' 7.2 (24) 9 	(30) 1.8 (6) 13 (1/2) 11 (7/16) 13 (1/2) 

8 5.4 (18) 5.4 (18) 5.4 	(18) 1.8 (6) 300 (12) 150 (6) 600 (24) 

9 5.4 (18) 4.05 (13.5) 5.4 	(18) 1.8 (6) 300 (12) 200 (8) 600 (24) 

10 5.4 (18) 2.7 (9)' 5.4 	(18) 1.8 (6) 300 (12) 300 (12) 600 (24) 

11 5.4 (18) 5.4 (18) 5.4 	(18) 1.8 (6) 13 (1/2) 16 (k.) 13 (1/2) 

12 5.4 (18) 4.05 (13.5) 5.4 	(18) 1.8 (6) 13 (1/2) 21 (5/6) 13 (1/2) 

*13 5.4 (18) 2.7 (9) 5.4 	(18) 1.8 (6) 13 (1/2) 32 (11/4) 13 (1/2) 

Table 2. Centreline dimensions and wall thicknesses  

of examples used in 2.5. 

• A 



SECTION NUMBER 5 6 and 11 7 12 13 6A 

TOP 

FLANGE 

PLATE 

Thickness

t 

1- in 2 2 i n 2 i n 1/2 	in 1.. 	in 2 2 in 	. 

Longitudinal 

stiffening 

8 in x 1/2 in 
flats 

® 12 in c/c 

8 in x 1/2 in 
flats 

@ 12 in c/c 

8 in x 1/2 in 
flats 

@ 12 in c/C 

8 in x 1/2 in 
flats 

@ 12 in c/c 

8 in x 1/2 in 
flats 

@ 12 in c/c 

8 in x ii in 
flats 

@ 12 in c/c 

Transverse. 

stiffening 

15 in x 4 in 
web 

6 	in x 1/2 in 
flange 

@ 6 ft c/c 

24 in x 1/2 in 
web 

6 in x 1/2 in 
flange 

@ 6 ft c/c 

28 in x 1/2 in 
web 

6 	in x 1/2 in 
flange 

@ 6 ft c/c 

24 in x 1/2 in 
web 

6 in x 15 in 
flange 

@ 6 ft c/c 

24 in x 1/2 in 
web 

6 	in x 1/2 in 
flange 

-@ 6 ft c/c 

24 in x 1/2 in 
web 

6 in x 1/2 in 
flange 

cp 6 ft c/c 

BOTTOM 

FLANGE 

PLATE 

Thickness 1 in 1 in 7/16 in 5/6 in 14 in -, ' 	' n 8 	I 

Longitudinal 

stiffening 

5 	in x 1/2 in 
flats 

@ 2 ft c/c 

5 	in .x 1/2 in 
flats 

@ 2 ft c/c 

51/2 	in x 	1/2 	in 
flats 

® 2 ft c/c 

8 in x 1/2 in 
flats 

® 2 ft c/c 

8 in x 1/2 in 
flats 

® 2 ft c/c 

5 in x X5 in 
flats 

@ 2 ft c/c 

Transverse 

stiffening 

10 	in .x 1/2 in 
flats 

® 12 ft c/c 

12 	in x 1/2 in 
flats 

@ 12 ft c/c 

12 in x .1 in 
flats 

@ 12 ft c/c 

10 in x 1/2 in 
flats 

@ 12 ft c/c 

8 in x 1/2 in 
flats 

@ 12 ft c/c 

12 in x 1/2 in 
flats 

@ 6 ft c/c 

WEB 

PLATE [  

, 

All 1/2 in plate with 4 in x 1 in flats transverse at 6 ft c/c 

1/2 in plate 
Transverse 

 stiffeners as 
bottom flange 

Table 3. Details of stiffening used in the 

steel bridge examples of 2.5  
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Bridge 
No. 

Name DoE ref Type 

1 Fylde Bridge 4/1 3 cell rectangular m'cell 

2 Irwell Valley Bridge 	• 4/2 Trapezoidal multibox 

3 Samlesbury Bridge 4/3 Rectangular multibox 

4 Rosebank Bridge 4/7 Rectangular 

5 Bidston Moss Viaduct 4/11a Twin rectangular box 

6 Porton Road Bridge 6/5 Rectangular 

7 Red Lane Dyke 9/10 Single rectangular box 

8 Lofthouse Interchange 9/11a Trapezoidal multibox 

9 Neath Bridge 15 10/3a Rectangular 

10 Taff River Bridge 10/4 Rectangular 

11 Neath Bridge 4 10/7a Trapezoidal 

12 Coombe Lane Flyover 11/1 Rectangular multibox 	• 

13 Watford By-Pass 11/9 Rectangular multibox 

14 Elstree Road Bridge 11/10 Rectangular 

15 Kirkless Viaduct 14/1 Rectangular multibox 	1  

16 Blakelow Lane Bridge 	. 14/3 Rectangular 

17 Foxcover Lane Overbridge 14/11 Twin rectangular boxes 

18 South Moor Accom.Bridge 14/15 Trapezoidal 

19. Hylton Bridge 14/23 Twin rectangular boxes 

20 Wrey Bridge 15/1 Trapezoidal multibox.  

0,21 Monks Lane Bridge • 15/2 Trapezoidal 

22 Thornham East Bridge 15/4 Rectangular 

23 Wardley Moss Bridge 15/6 Trapezoidal multibox 

24 Station Road Bridge 16/15 Trapezoidal multibox 

25 Roughetts Road Bridge 16/16 Trapezoidal multibox 

26 Huntworth Viaduct 17/2 Twin rectangular boxes 

27 Huntworth Lodge Accom. 17/9. Single trapezoidal box 
Bridge 

28 Over Bridge Gloucester Trapezoidal 

Table 4. List of practical bridge examples  

referred to in 2.5  



Bridge 
No 

Bl 
span 

Bl 
panel 

IC/4Ib  rt3  r 
S 

V 
b
B  - C DYB : .) 	= A A 

Y - b
T 

b
T 

a - 
D
YT :

: 

1 8.55 0.95 1.00 1.00 0.98 0.060 1 1.71 .00940 .327 5.23 
2 6.70 1.67 0.82 1.06 0.77 0.247 .667 .917 .248 .159 5.77 
3 12.36 - 0.64 1.12 0.91 0.241 1 4.00 .203 .237 16.9 
4 9.67 - 0.88 1.03 1.09 0.255 1 3.53 1.50 1.29 2.74 
5 3.33 - 1.01 1.00 0.84 0.243 1 .566 .0105 .00101 560. 
6 3.54 0.19 1.24 0.95 0.93 0.248 1 .755 .0232 .000670 1120. 
7 8.26 0.25 1.10 .0.98 0.85 0.251 1 .750 54.1 .0153 49.0 
8 10.79 0.69 0.88 0.97 0.98 0.243 .545 1.09 .0509 .0285 38.2 
9 6.48 - 1.13 0.97 0.94 0.250 1 1.25 .878 .000520 2385. 

10 6.75 - 1.19 0.96 1.01 0.229 1 .824 .0506 .0242 34.0 
11 7.47 - 1.12 0.97 0.92 0.238 .862 .552 .388. .269 2.05 
12 4.85 0.56 0.75 1.08 0.79 0.230 1 1.61 .418 .0156 103.2 
13 12.21 0.92 1.27 0.95 0.99 0.249 1 1.52 .0179 .00127 1197. 
14 2.72 1.12 1.13 0.97 0.87 0.249 1 1.61 .460 .00191 843. 
15 8.12 - 0.91 1.03 0.83 0.202 1 1.33 .0410 .0284 46.8 
17 5.78 1.35 0.80 1.06 0.81 0.156 1 1.29 .0401 .207 5.23 
18 3.74 0.93 1.23 0.95 1.00 0.241 .924 .453 .0120 .00181 250. 
19 8.26 - 0.88 1.03 0.79 0.230 1 .956 .179 .114 8.38 
20 6.02 0.41 0.51 1.19 0.54 0.210 .364 .538 .0106 .000550 971. 
21 8.12 0.24 0.91 1.03 0.83 0.202 .333 .528 .134 .0869 6.07 
22 7.99 2.50 1.26 0.94 1.01 0.242 1 .650 .00360 .000450 1438. 
23 3.27 - 1.25 0.94 0.91 0.213 .843 .243 .0523 .0233 10.4 
26 7.02 - 0.77 1.07 0.75 0.225 1 .783 .0114 .00620 126. 

Table 5. Table of parameters for practical boxes of 2.5  

(See Table 3 for list of bridge numbers) 



Member Bending Torsional Shear 
Type Rigidity Rigidity Rigidity 

(EI) (GJ) (GA) 
Kip. ins Kip. ins Kip. ins 

Longitudinal 1.278 x 10
10  7.190 x 10

9 1.246 x 10
6 

Transverse box 1.0 x 1010 
 1.0 x 1010 

 2 x 10
6 

Transverse slab 6.221 x 107 1.037 x 108 1.440 x 10
6 

Table 6. Twin box example of Chapter 3. 

Member properties for initial grid 

analysis with the full torsional 

stiffness. 



Description of 

analysis 

Loaded box Unloaded box 

6B 
(in) 

6T+6D 
(in) 

6T(GRID) 

(in) 

a B 

(in) 

8T'I'dD 

(in) 

sT(GRID) 

(in) 

Finite element .7056 x 10
-2 .1599 x 10

-2 - .1610 x 110
-2 .1147 x 10

-2 - 

Grid - BEF 

(full GJ) 

.4788 x 10
-2 .4253 x 10

-2 .2240 x 10-3 .3966 x 10
-2 .2485 x 10

-2 .1241 x 10-3 

Grid - BEF 

(GJ/19 for both boxes) 
.7074 x 10-2 

• 
.1598 x 10-2 .1646 x 10-2 .1681 x 10-2 .1256 x 10-2 .1127 x 10-2 

Grid - BEF. 

(GJ/18.45 for loaded box 

GJ/21.18 for unloaded box) 

.7102 x 10-2  .1652 x 10-2  

' 

.1651 x 10-2  

, 

.1653 x 10-2  .1157 x 10-2  .1148 x 10-2  

Table 7. Twin box example of Chapter 3 

Deflections in inches (6B= bending deflection, 

6T = torsional deflection, 6D 
= distortional deflection, 

6T(GRID) = torsional deflection from grid analysis). 
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Material E(lb/in
2  ) t(in) v 

Steel 28 x 10
6 0.02476 0.3 

Araldite and sand 2.38 x 10
6 0.299 0.227 

Equivalent composite 
plate 

3.95 x 10
6 0.356 0.261 

Table 8. Merstham Interchange Model  

Table of material properties 

Member Bending Torsional Shear 
Type Rigidity Rigidity Rigidity 

(El) (GJ) (GA) 
Kip. ins Kip. 	ins Kip. 	ins 

Longitudinal 6225.5 4400.8 4598.5 

Transverse box 10000 1000 10000 

Transverse slab 30.75 23.41 1663.8 

Table 9. Merstham Interchange Model 

Member properties for initial 

grid analysis with the full 

torsional stiffness. 



Young's Modulus Poisson's ratio 
Model 
No 

No of  
 test 
,specimens N/mm2 lb/in2  + + 

1 4 1.72 x 104 2.5 x 106 5% .26 4% 

2 7 1.63 x 104 2.37 x i06 4% .25 4% 

4  2 1.67 x 104 2.43 x 106 4% .25 4% 

Table 10. Elastic properties of Araldite and sand  

material used for the Bifurcated Elevated  

Highways models  

•ot 
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28, 

Birmingham 

Gauge No 

Thickness 

mm inches 

22 0.7938 0.03125 

24 0.6289 0.02476 

26 0.4981 0.01961 

27 0.4432 0.01745 

28 0.3969 0.01563 

32 0.2489 0.0098 

Table 11. Bifurcated Elevated Highways Models  

Birmingham steel gauge thicknesses. 

These are the nearest Birminghath gauges 

to those used. Where thicknesses are 

not exact Birmingham gauge the correct 

thicknesses. are given on the diagrams. 



.Model 

No 

No of 

test 

Young's Modulus Poisson's ratio 

specimens 
N/mm2  lb/in2  + - 

+ - 

4 2 2.01 x 105 29.2 x 10
6 2% 0.3 	2% 

Table 12. Bifurcated Elevated Highways - Model 4  

Elastic properties of steel. 
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Load 

case 

Span Lane 
Total Load 

N lb 

1 AB 1 411.2 92.4 

2 AB 2 423.6 95.2 

3 AB 3 436.1 98.0 

4 AB 4 447.2 100_5 

5 BC 1 486.8 109.4 

6 BC 2 500.6 112.5 

7 BC 3A 511.8 115.0 

8 BC 3B 505.1 113.5 

9 BC 4 503.4 113.1 

10 C2D 1 417.0 93.7 

11 C2D 2 430.8 96.8 

12 C2D 3A 441.4 99.2 

13 C1E 3B 435.2 97.8 

14 C1
E 4 424.1 95.3 

Table 13. Bifurcated Elevated Highways Models  

Lane loading intensities. 
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Load 

case 

Type of 

load 

Model Span Lane Total 	Load Figure 

N lb 

15 HB • 1 AB 1. 721 162 32a 
16 n 2 AB 1 n n •32b 
17 n 1 AB 2 n H 33a 
18 n 3,4 AB 2 11 1, 33b 
19 
20 

I, 
/I 

1 
1 

AB 
AB 

3 
4 

n 
n 

n 
II  

34 
35 

21 n 1 BC 1 n n 36a 
22 II  2 BC 1 II II  36b 
23 
24 
25 
26 

1, 
H 
H 
11  

1 
2 
3 
4 

 BC 
BC 
BC 
BC 

2 
2/3
2/3
2/3 

n 
n 
n 
n 

n 
II  

n 
n 

37 
38a 
38b 
38c 

27 1, 2 BC 3A n n 38d 
28 n 1 BC 3B il n 39 
29 II 1 BC 4 II II  40a 
30 n 2 BC 4 n 11 40b 
31 n 1 C2D 1 1, 11 41a 
32 n 3,4 C2D 1 n H 41b 
33 H 1 C2D 2 n n 42 
34 n 1 C2D 3A n n 43a 
35 n 2 C2D 3A n H 43b 
36 II  1 C1E 3B 11 II  44a 
37 11 2,4 C1E 3B 1, n 44b 
38 11 1- C1E 4 n n 45 

46-49 Knife edge 1 BC - 225.5 50 47 
50-53 n 	n 2 BC - ,1 n 48 
54-59 Point load 1 BC - n 52 
60-63 II 	 II  2 BC - n n 53 
64-67 n 	n 3 BC - I, n 54 
68-71 n 	H 4 BC - n n 55 
72 
73 

HB 
n 

3 
4 

BC 
BC 

1 
1 

721 
n 

162 
n 

36c 
36d 

74 
75 

II 

n 
3 
4 

BC 
BC 

3A 
3A 

n 
n 

n 
is 

38e 
38f 

76 11 3 BC 4 n is 40c 
77 11 4 BC 4 n n 40d 
78-81 
82-85 

Knife edge 
n 	n 

3 
4- 

BC 
BC 

- 
- 

222.5 
n 

50 
n 

49 
50 

86-87 Settlement 2 - - - 	• - 56 
88-89 I/ 4 - - - - 57 

Table 14. Bifurcated Elevated Highways Models  

Table of loading cases other than 

Lane Loadings. 



Span No. of 

internal 
diaphragms 

Load 

case 

- 

% of total 

load carried 
by loaded 

box 

% of total 

load carried 
by adjacent 

box 

.% of load in 

loaded box 
carried by 
adjacent 
box 

a
W
/a

B 
for loaded 

box 
(%) 

a
W
/a

B 
for adjacent 

box 
(%) 

C2D 0 10 89.5  10.5 11.7 106.6 	. 334.9 

12 76.8 23.2 30.2 0.3 97.4 

AB 1 1 62.5 23.4 37.4 65.6 122.4 

4 62.9 28.3 45.0 5.7 94.3 

C1E 3 14 56.2 43.8 77.9 • 12.5 19.2 

• 13. 59.5 40.5 68.1 1.9 6.8 

BC 4 5 50.3 30.0 59.6 20.2 39.1 

9 53.1 31.9 60.1 27.9 	. 39.1 

Table 15. Bifurcated Elevated Highways - Model 4  

Effect of number of internal diaphragms on 

load distribution and warping stresses. 
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QUANTITY 
Model 
1 

Model 
2 

Model 
4 

steel 	. 

Model 
4 

slab 

U.D. Lane loading tests 

40858 

1.735 

1.749 

1.749 

1.749 

37839 

1.581 

1.656 

1.244 

1.264 

34969 

32.185 

32.185 

12.966 

12.981 

-

1.701 

1.701 

1.235 

- 

(i) Moment at midspan AB due 
to L/C1 

(ii) Max. longitudinal-stress 
(main stress gauges) 

(iii) Max. longitudinal stress 
(secondary stress gauges) 

(iv) Max. longitudinal stress 
in Span BC 

(y) 	Max. principal stress at 
location of (iii) 	. 

(vi) % increase in longi-
tudinal stress due to 
secondary warping in 
Span AB 17.8 19 - 

(vii) Max. aDB  due to L/C1 1.208 1.421 17.696 - 

(viii) Max. aDB  due to L/C4 0.864 0.970 9.483 - 

(ix) Max. aDB overall 1.208 1.558 46.384 - 

(x) Max. aDB in Span BC 

(xi) Max. slab transverse 
bending stress 

0.869 

1.463 

1.151 

0.741 

5.472 

- 

- 

6.836 

HB loading tests 

3.967 6.172 90.0 8.860 (xii) Max. longitudinal stress 
(xiii) Max. aDB 3.526 6.452 135.0 - 

(xiv) Max. aDB in Span BC 

(xv) Max. slab transverse 
bending stress 

(xvi) Max. longitudinal stress 
in Span BC 

(xwn) Max. principal stress at 
locatiop of (xvi) 

1.389 

2.504 

3.806 

3.835 

4.359 

6.452 

3.897 

3.899 

20.31 

- 

37.180 

37.490 

- 

12.260'  

3.973 

- 

- continued - 
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QUANTITY 

Model 
1 

Model 
2 

Model 
4 

steel 

Model 
4 

slab 

Knife edge loading tests 

1.898 2.566 14.980 3.579 (xix) Max. longitudinal stress 
(xx) Max. aDB  2.078 2.374 11.290 - 

Point loading tests 

3.024 6.429 12.790 4.645 (xxi) Max. longitudinal stress 
(xxii) Max. aDB 4.311 8.221 15.310 - 

Table 16. Comparison of maximum stresses in the  

bifurcated elevated highways models  



FIRST 
BEAM 

LAST 
BEAM 

INCREMENT FLEXURAL 
RIGIDITY 
(KN-MM2) 

BREDT 
TORSIONAL 
RIGIDITY 
(KN_mm2) 

L 

EFFECTIVE 
SHEAR 

RIGIDITY 
(KN) 

R 
(EQN 3.21) 

R 
(EQN 3.1) 
FOR FULL 

GJ 
ANALYSIS 

R 
(EQN 3.1) 

FOR 
GJ(RED) 
ANALYSIS 

1 13 6 .8802E+10 .6157E+10 .1018E+08 17.4 17.2 25.1 

2 5 1 .5840E+10 .4815E+10 .8588E+07 17.4 17.2 25.1 

8 11 1 .5840E+10 .4815E+10 .8588E+07 17.4 17.2 25.1 

14 17 1 .5840E+10 .4815E+10 .8588E+07 17.4 17.2 25.1 

6 18 6 .8802E+10 .6157E+10 .1018E+08 17.4 17.2 25.1 

19 27 1 .8802E+10 .6157E+10 .1018E+08 2.7 2.1 2.3 

21 24 3 .6967E+10 .5489E+10 .9138E+07 2.7 2.1 2.3 

25 - - .6967E+10 .5489E+10 .9138E+07 2.7 2.1 2.3 

28 31 1 .6967E+10 .5489E+10 .9138E+07 2.7 2.1 2.3 

32 34 2 .5991E+10 .4233E+10 .8067E+07 2.0 1.2 1.6 

33 - - .1198E+11 .8466E+10 .1613E+08 - - - 

36 - - .6967E+10 .5489E+10 .9138E+07 2.7 2.1 2.3 

35 37 2 .8128E+10 .7038E+10 .1042E+08 3.7 3.0 3.2 

38 40 1 .5911E+10 .4233E+10 .8067E+07 2.7 2.1 2.3 

42 44 1 .5991E+10 .4233E+10 .8067E+07 2.7 2.1 2.3 

41 45 4 .6814E+10 .4536E+10 .8529E+07 2.7 2.1 2.3 

46 52 6 .6814E+10 .4536E+10 .8529E+07 - - - 

47 50 1 .5099E+10 .3741E+10 .7615E+07 - - - 

53 56 1 .5099E+10 .3741E+10 .7615E+07 - - - 

51 57 6 .6814E+10 .4538E+10 .8529E+07 - - - 

58 60 1 .8128E+10 .7038E+10 .1042E+08 3.7 3.0 3.2 

- continued - 



FIRST 
BEAM 

LAST 
BEAM 

INCREMENT FLEXURAL 
RIGIDITY 
(KN-MM2) 

BREDT 
TORSIONAL 
RIGIDITY 
(KN-MM2) 

EFFECTIVE 
SHEAR 

RIGIDITY 
(KN) 

R 
(EQN 3.21) 

R 
(EQN 3.1) 
FOR FULL 

GJ 
ANALYSIS 

R 
(EQN 3.1) 

FOR 
GJ(RED) 
ANALYSIS 

62 64 1 .8128E+10 .7038E+10 .1042E+08 3.7 3.0 3.2 
61 65 4 .1149E+11 .8246E+10 .1238E+08 3.7 3.0 3.2 
66 72 6 	' .1149E+11 .8246E+10 .1238E+08 46.9 36.8 62.1 
67 70 1 .6712E+10 .6132E+10 .9755E+07 46.9 36.8 62.1 
73 76 1 .6712E+10 .6132E+10 .9755E+07 46.9 36.8 62.1 
71 77 6 r  .1149E+11 .8246E+10 .1238E+08 46.9 36.8 62.1 
78 87 1 .4450E+09 .1100E+08 .1336E+07 - 7 - 

127 128 1 .4450E+09 .1100E+08 .1336E+07 - - - 
88 126 1 .2130E+09 .2800E+08 .4208E+07 - - - 

Table 17. Bifurcated Elevated Highways Model 4  

Member properties for grid analysis  

and torsional stiffness reduction  

• 	 r• 
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DIAPHRAGM STIFFNESS q 

13 
for a 

DW 
for am  fora

DB 
for a

DB 
(point load) (udl) (point load) (udl) 

3 * * 1 1 

2 * * 5 20 

1 10 100 50 500 

.8 50 200 100 1000 

.5 500 200 1000 10000 

.3 2000 200 - 10000 20000 

Table 18: Minimum diaphragm stiffness for 

spacing 51D  

* Diaphragms do not reduce stresses  

at midpanel for art  > 1.6 



P4" + P 	 P 

Total 
	

Flexural 
	

Torsion 
	

Distortion 

Fig.1 Components of an eccentric load 
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Urideformed state 

 

Stage 1: Shearing ,of individual plates 

Stage 2: Twisting of plates 

Stage 3: In-plane body rotations of plates 
to obtain compatability at box corners 

Fia.2 	Torsion of a rectangular box 



296 

Fig.3 	Cross, sectional distribution of restrained warping stresses 
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P/2 

P/2 P/2 

P/2 

Distortional component from Figure.1 

Distortional component resolved at Box corners 

Fig.4 



1 
Iw 

Distortional 
stress from transverse bending 

0 08 

Antisymmetrical load 

Deformation' of cross section 

Warping stress pattern 

(J"O\V 

Fig.S Effects of deformation of the cross section 

'. 

29 



1/1 

BT 

f 

  

  

  

 

D 

  

BT P 
2D 

BT P 
2D 

BT P 
2D 

BT 	P 
B-r+ BB) D 

BT )BB P 

BT+BB D 

BT 13  
27:0 

BT P 

Fig.6a 	Components of antisymmetrical loading for rectangular and trapezoidal boxes 
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Fig.6b 	Symmetrical and antisymmetrical components of horizontal loading 



.Equivalent vertical distortional load 

POE; 
(bT+bB) 

, Pia  
t:i-+ba) 

Fig.6c 	Components of horizontal antisymmetricai loading 

POE; 
(b•rt-b13) 

• 

, P1b13 , 
cbT+bs) 

Pia 
(br bg) 
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Fig.11 	Longitudinal distribution of Crbg for central concentrated load 
on Example 2, showing comparison of BEF and FE results 
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on Example 2,showing comparison of BEF and FE results 
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Fig.14 	Longitudinal distribution of Obw for uniformly distributed load 
on Example 2 , showing comparison of BEF and FE results 
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T = Test result 
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Fig.18 	B.E.F and model test results for Box7 
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Fig.19 B.E.F and model test results for Box? • 

4 

314 
	

3 "I 



315 

Unit Length • 

Fig.20 	Radial component of longitudinal bending stresses 
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Fig.21 	Distortional forces due to bending moments in curved boxes 
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Fig.23 	Curved box model 
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Fig.24 	Loading and support arrangement for curved box model 
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Fig.25 	Strain gauge locations at Sections 1 and 2 of curved box model 
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Fig.26 	Curved box model; cross --sectional distribution of ObB/Crg at midspan due to the symmetrical component 
of central point loading 
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Fig.27 	Curved box model;cross— sectional distribution of ObB/013 at midspan due to antisymmetrical component 
of central point loading 
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Fig.28 	Curved box model ; cross - sectional distribution of ObB/Ob at midspan for antisymmetrical component 
of load applied to the equivalent straight bridge (F.E results) 
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Fig.29 	Curved box model;cross-sectional distribution of 01 / Crg at midspan due to the symmetrical component 
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Fig.30 	Curved box model;cross-sectional distribution of Cri Gi3 at midspan due to the antisymmetrical component 
of central point loading 
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Fig.32 	Variation of midspan distortional stresses for Section 1 under a fixed load distributed over an increasing length. 
(The stresses are non-dimensionalised with the central bending stress for the relevant loaded length ) 
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Fig.35 	Cross sectional distribution of ObB and (Tem for Section 3 under a central point load 
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Fig.44 
Distribution of transverse in-plane stresses 431013 at midspan for Sections 8 and 10 under symmetrical central point load (FE mesh length= span /48) 
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Fig.50 	Response of an infinite BE F to a concentrated load 



Fig.51 	Curved box model - comparison of stress fOr load placed above inner and outer webs 
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Fig.59 	Transverse bending moment diagrams for a unit length 
of box subjected to unit antisymmetrical loading 
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Fig.69 	View of model showing the end cross section 
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Fig.70 	Underside of model 
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Fig.71 	Model testing arrangement 
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Fig.74 	Grillage 
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Fig.90 	Right bridge structure— transverse flexural str9sses for Load case 4 
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Fig.91 	Right bridge structure- transverse flexural stresses for Load Case 5 
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Curve reversal point 
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Fig.92 	Full scale plan dimensions 



Fig.93 	General view of support and deflection rig with Model 2 in position 
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Curve reversal line 	 •11  

Fig.94 	Carriageway radii (Dimensions in millimeters) 



Fig.95 	Positions of lane loading cases 1 to 14 
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Fig.97 	Positions of HB loading cases on Model 1 
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Fig.98 	Positions of HB loading cases on Model 2 
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Fig.99 	Positions of HB loading cases on Model 4. 

O 

KEY 
• • 
• • 
• • 
• • 

: 
• 
:77 
• 

Load Case 



Instrumentation 
Section 6-6 

C2 

BIFURCATED ELEVATED HIGHWAYS MODELS 

Fig.100 	Knife edge Load case 46 -49 on Model 1— Knife edge on 
Instrumentation Section 6-6 in Lanes 1, 3a ,3b and 4 
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Fig 101 	Knife edge Load cases 50-53 on Model 2— Knife edge on 
Instrumentation Section 6-6 in Lanes 1, 3a, 3b and 4 
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Instrumentation 
Section 6-6 

Fig.102 Knife edge Load cases 82-85 on Model 4. — Knife edge on 
Instrumentation Section 6-6 in Lanes 1, 3a ,3b and 4 
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Instrumentation 
Section 6-6 

Fig 103 	Point Load cases 54-59 on Model 1. 
Loads are applied at Instrumentation 
Section 6-6 above the web centre lines 
(54,56,67 and 59) or midway between 
web centre lines (55 and 58). 
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Fig.104 	Point Load cases 60-63 on Model 2. 
Load Cases 60,61 and 63 are above 
the centre lines of the box cells. 
Load 62 is above the edge of Lane 3a. 

(on radius 1437mm) 
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Fig.105 	Point Load cases 68- 71 on Model 4. Loading midway 
between web centre lines 
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Fig 107 	Support settlement cases 88 and 89 for Model 4 
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Fig.108 	General view of testing arrangement 
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Fig.109 	Spine beam model — layout plan 
Dimensions In millimetres,I.R= inside radius 
Support diaphragm thickness =36mm 
Internal diaphragm thickness = 9mm 	 - 
Spans,deck dimensions and pier positions as in Fig.119 
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Fig.110 Spine beam model- Cross Sec1ions F~F and G-G (Dimensions in millimeters) 
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Fig.111 	Spine beam model - Cross Section H- H (Dimensions in millimetres) 
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Fillet change 
point 

Curve reversal 
point 

Top Flang3 Radius = 25.4 

Fig.112 	Spine beam model - plan of bifurcated span 
Radii are as given in Fig. 
t t  = top flange thickness, tb-= bottom flange thickness 

Dimensions in millimetres 
The top flange thickness at the bifurcation varies radially 
from 4.5mm at the edge to 7.5 mm midway between the two boxes 
Chords BF, FG,GH, HJ and JC2  are equal 



Fig.113 	Model 1 - underside of instrumented top flange casting 
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Fig .114 	Model 1 during assembly. At this stage the webs are being bonded to the bottom flange. 
The wooden spaces and clamps are removed after glueing. 
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Fig.115 	Model 1 during assembly 
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Fig.116 	Model 1 during assembly, showing bifurcation 
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L, 

14 

Fig.117 	Model 1 positions of instrumentation sections 
Dimensions given in Appendix 
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Fig.118 	Longitudinal strain gauge element positions and numbering at Instrumentation Section 6-6 
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Fig.119 	Multicellular model layout plan (Dimensions in millimetres, 
I.R.= inside radius ). Support diaphragm thickness=36mm 
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Fig.121 	Multicellular model-Cross Section J-J (Dimensions in millimetres) 
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Fig.122 	Multicellular model - plan of bifurcated span. 
Radii are as given in Figure.119 



Fig.123 	Multicellular model - bottom flange mould at bifurcation 
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Fig.124 	Casting multicellular model 
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Fig.125 	Casting multicellular model 
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Fig.126 	Multicellular model - underside of top flange casting 
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Fig.127 	Model 2 during assembly 
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Fig.128 	Model 2 from underside at bifurcation, showing Instrumentation at Section 6-6 
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Fig 130 	Model 2- Typical layout of strain gauges at midspan section 
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Fig.131 	Composite box girder model - layout plan 
Dimensions in millimetres, R = web centreline radius. 
The broken lines show the limits of the pier sections 
where flange plate thicknesses or widths change. 
The centreline arc lengths from the pier sections to 
the broken lines are 140mm In Span BC and 100mm 
In the outer spans. Spans, deck dimensions and 
pier positions as in Fig.119 
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• Fig.132 	Composite box girder model—Sections ,Q-Q ,R -R,S-S 
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LOCATION A B T 

Pier A 13 56 •622 
Pier B 13 56 •622 
Pier C1 13 46 •511 
Pier E 11 46 •511 

Pier C2 D 16 68 •755 

Span AB 13 56 • .254 
Span BC.' 13 56 —a 46 •381 
Span BC2  13 56 	68 --► •381 
Span C1  D 11 46 •254 
Span C20 16 68 .254 

Fig:133 	Composite box girder model - details of boxes and table of flange plate sizes 
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Fig.134 	Composite box girder model - plan of bifurcated span 
(Setting out details are given in Appendix C) 



Fig.135 	Underside of Model 4 during fabrication before fixing bottom flange plates 
BIFURCATED ELEVATED HIGHWAYS MODELS 



Fig.136 	Underside of Pier Section B-B showing bottom flange stiffening 
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Fig.137 	Underside of Model 4 during fabrication showing diaphragming at bifurcation 
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Fig.138 	Underside of Model 4 with flange plates laid in position 
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11 

Fig.139 	Model 4 — positions of instrumentation sections 
Dimensions given in Appendix 

12 
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Fig.140 	Model 4-Typical layout of strain gauges at midspan section 
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Fig.141 	Conversion of strain gauge readings to real strains 
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10RD CASE 29 	SECTION 6-6 	. 
FLEXURAL COMPOUENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 

.41 

F1G177 

1 	LORD - CASE 10 	-SECTION 12-12 	'SECONDARY STREE.5 GAUGES 
. 	 FLEXURAL - COMr'ONENT OF TRANSVERSE•STRESS 
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LORD CRSE 12 	SECTION 12-12 
FLEXURHL COMPONENT OF TRP.NSVERSE STRESS 

SECONOARY STRESS GAUGES 
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lefi0 CF1SE 9 	SECTION 3-3 
	

SECONORRY STRESS GriDGES 
VERTICSL SHEER STRESS !N WEBS 

      

 

0 

   

-0.034 

      

      

F I G 181 

1J-4:-,F 5 	. 	r INJ 	7-7 

VERNI-FiL !..diER9 31-7-:i7 Y; IN 
5CrDNOARy 	PPUr.E 



464 
	

4( 

-0.091 

FiG182 

LORD CASE 6 	SECTION 1-7 
	

SECONOARYSTRESS GAUGES 
VERTICAL SHEAR STRESS IN WEBS 
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• LORD CASE 9 	SECTION 10-ID 
VERTICAL SHEAR STRESS IN WEBS 

SECONDARY STRESS'GRUGES 
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Fig:186 	Principal stresses from Fig185 plotted to scale in correct direction 
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LORD CASE 9 	SECTION 6-6 
PRINCIPAL STRESSES.MRX. SHERR.OIRECTION 

SECONDARY STRESS GAUGES 
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LOAD CASE 29 	SECTION 5-5 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

SECONDARY STRESS GAUGES 
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LOAD CASE 8 	 SECT ION 5-5 
DEFLECTIONS 
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LORD CASE.  1.2 	SECTION 12.-12 

DEFLECTIONS 
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LORO CASE 20 	. 	SECTION 
FLEXURRL COMPONENT OF TRRNSVERSE STRESS 

SECONORRY STRESS GAUGES 
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LOAD CASE 49 	SECTION 5-S 
LONGITUDINAL STRESSES AT EXTREME FI5RES 

MAIN STRESS GAUGES 
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LOAD CASE 56 	SECTION 5-5 	• 	MAIN STRESS GAUGES 

LONGITUDINAL STRESSES AT EXTREME FIBRES 
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(CHO GALE 55 	UrTION 5-5 
F.'IRECES HT I XTRI ME 

STEEn riPIUGE-5 
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LOAD CASE 55 	SECTION 5-5 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 
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IORD [.Fi5 57 	SECTION 5-5 
LONGITUDINFfl_ STRES5LS W' EXTREME FIBRES 

mnIN STRESS C4RUaE5 

•• 
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.070 	'0.007 

FIG203 

OPP GnsF 10 	sEnTION 1 -11 

1.132 	1.074 

MEIN 3TRE6n GflunFS 
LONGITUDINAL STRESSES RT EXTREME FIBRES 
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LORD CASE 22 	SECTION 5-5 
	

MAIN STRESS GAUGES 
LONGITUDINAL STRESSES RT EXTREME FIBRES 
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0.467 
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LOAD CASE 4 	SFCTION L L_ MAIN STRESS GAUGES 

LONGITUDINAL STRESSES AT EXTREME FIBRES 
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-0.896 -0.837 -0.063 

1.227 	1.176 1.265 
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FIG206 

LOAD CASE 13 	SECTION 9-9 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

MAIN STRESS GAUGES 

-0.934 -0.898 	-0.757 

1.395 	1.150 	X1.083 

FIG207 

LOAD CASE 14 	SECTION 9-9 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

MAIN STRESS GAUGES 
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LORD CASE 10 	SECTION 13-13 
	

MAIN STRESS GAUGES 
LONGITUDINAL STRESSES AT EXTREME FIBRES 
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FIG209 

Imo CUE 12 	CECT1ON 
	

mnIN STRESS GAUGES 
IONNTUnINRI RTRFqF1E RT FXTRFHP FIBRFS 
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LOAD CASE 37 	SECTION 9-9 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

MAIN STRESS GAUGES 
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LOAD CASE  37 	SECTION A-9 	sF17.00MAR 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

STREs 
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LOAD CASE 35 	SE 
LONGITUDINAL STRESSES A 

ION813-13 
EXTREME FIBRES 

MAIN STRESS GAUGES 
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LOAD CASE 35 	SECTION 13-13 
LONGITUDINAL STRESSES AT FxTRPtir FIBRES 

SECONDARY STRESS GAUGES 
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4 

LOAD cm: 15 	SECTION 2-2 	SECONDARY STRESS GAUGES 
IN PLANE COMPONENT OF LONGITUDINAL STRESS 

F10215 

LORD rRSE 10 	SFCTTON 2-2 	SECONDARY STRESS GAUGES 
FLEXURAL CO1PULIENT OF LONGITUDINAL STRESS 
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LORD CASE 1 	SECTION 2-2 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 

1_02D USE 4 	SECTION 2-2 
FLEXURGL COMPONENT OF TRANSVERSE STRESS 

cl_rrturtu rY 5:T0-- 	a/Hit:I-Fs 
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LORD CASE 12 	SECTION 13-43 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 
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LOAD CASE 14 	SECTION S-0 	SECONDARY STRESS GAUGES 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 
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FIG 220 

LOAO CASE 5 	SECTION 5-5 
	

SECONOARY STRESS GAUGES 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

LORD CASE 35  
%ILL. I WI: 

FLEXURAL COMPONENT UF TRANSVFRSTI STFFSS 
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LORD CASE 22 	SECTION 6-6 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 
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LOAD CASE 27 	SECTION 6-6 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 
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LOAD CASE 27 	SECTION 6-6 
IN-PLANE COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 
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LORD CASE SO 	SECTION 6-6 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

SECONDARY STRESS GAUGES 
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LORD CASE 30 	SECTION 6-6 
	

SECONDARY STRESS GAUGES • 
PRINCIPAL STRESSES.MAX. SHEAR.OIRECTION 

4:b 

:Mb 
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LOAD CASE 22 
DEFLECTIONS 

SECTION 5-5 

:HS 

188 
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-0.008 -0.464 
-0.373 	-0.919 

-0.450 
-1.636 

-1.919 	-1.089 
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. -0.145 
-0.0  

-0.141 	-0.140 
-0:10 	-0.09  

-0.118 
-0.10 

-0.126 
-0.139 

SECONDARY STRESS GAUGES .  

Al.962 
1.112 
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LOAD CASE52 	SECTION 6-6 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

.207 	'.230 	'.182 	1.200 	10.139 
.326 	.911 	'.268 	.216 	.183 

0.749 1.091 1.956 
0.670 0.859 1.000 

-0.020 

	

LO . UM 	-0.203 	-0.289 	-0.427 

FIG230 

	

LOAD CASE SI 	SECTION 6-6 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 



0.0410 0.340 0.279 0.350 0.656 10.960 
0.599 

0.466 0.664 
0.413 	0.426 0.425 0.950 0.427 0.469 2.006 0.369 
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-0.272 

4.290 
-0.426 

4.178 
0.117 

4.094 
1.028 

4.274 	0.260 
-0.446 	4.290 	-0.267 	-0.218 

-0.18k 	-0.1SJ 	-0.200 	4.248 
-8.429 

0.096 
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LORD CASE 62 	SECTION 6-6 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 

.182 	-0.988 	0.442 

488 
	

488 

LORD CASE 62 	SECTION 6-6 
	

SECONDARY STRESS GAUGES. 
LONGITUDINAL STRESSES AT EXTREME FIBRES 



0.964 
Q.250
0.357 
-49.400 

-0.981 
0.524 
8-04 2. 	0 

0.241 
-42•7J0 

0.2996162.300 
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.0.2 
0.2 

3 
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0.019 
-0.261 
0440 
61.700 

0.112  
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0.06 
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0.15 
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LORD CASE 62 	SECTION 6-6 
PRINCIPAL STRESSES.MRX. SHEAR.DIRECTION 

SECONDRRY STRESS GRUGES 

• • 

)c X 
. 

. x 

-1.638 

X-----.---X-'"-------4K 
----"---X 

0.850 -0499 1.007 
X 
2.258 1.452 1•402 

FIG234 

LOAD CASE 86 	SECTION 6-6 . 	MAIN STRESS GAUGES 
LONGITUDINAL STRESSES AT EXTREME FIBRES 



-0.628 -0.668 
■.0.661 

-0.402 
.4.509 

-0.692 	-0.472 	-0.461 
-0.660 	-0.622 	-0.470 

-0.660 	-0.491 
-0.624 	-0.694 4).326 

IP- 

0.591 
0.008. 
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0.870 
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0.804 
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1.27 
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FIG235 

LORD CASE 86 	SECTION 2-2 
	

MAIN STRESS GAUGES 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

tnnll nrInr rtf. 	nr:n-rintl ^ Luna) ',nut- 4u vLuILQo 4"G 

LONGITUDINAL STRESSES AT EXTREME FIBRES 
SECONDARY STRESS Mnlint70 vnwurLu 



3.919 

1. 

	X- 

	x 
.1387 
	

2.204 
	

2.266 

MAIN STRESS GAUGES 
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LOAD CASE 87 	SECTION 12-12 
LONGITUDINAL STRESSES RT EXTREME FIBRES 

-1.812 	-1.676 -1.887 -1.579 ,-1.9413 

1.068 
0.008 

FIG238 

LOAD cnsE 07 
DEFLECTIONS 

lo!Ra 

SECTION 13-13 

41:2; 

491 



492 
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LOAD CRSE 87 
DEFLECTIONS 

SECTION 2-2 

-0.307 
-0.349 

-0.601 
-0.903 

-1.136 
-1.516 

-1.701 
-1.527 • 

 

0.057 

 

0.088 

 

-0.061 

   

   

-4.279 32.185 
12.792 
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LORD. CRSE ID 	SECTION II-II 
LONGITUDINAL STRESSES PT EXTREME FIBRES 

SECONDARY -STRESS GAUGES 

7.923 -1.029 



  

16.183 20.812 

  

11.641 17.189 

  

493 493 

-0.559 -1.367 	-0.392 -0.820 
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LOAD CASE 14 	SECTION 8-8 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

MAIN STRESS GAUGES 

-0.420 	-0.540 -0.801 	-0.021 -1.235 	-0.768 

13.487 

  

  

7.841 5.414 

 

5.866 13.016 19.660 

FIG242 
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-0.863 -0.845 -0.606 -0.492 
-0.7 9 	-0.506 -0.674 
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4 94' 

0.063 
	

0.057 	0.033 
0.066 	0.048 0.000 

C.024 	0.005 

9.757  0.393  12-956 1.793 -4.778 -1.706 0.914  0.947 
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LORD CASE 9 	SECTION 6-6 • 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

SECONDARY STRESS GAUGES.  

• 

-0.759 	-0.797 -0.999 	-1.221 -0.694 	-0.626 

	x 

x 

494 

15.130 

MAIN STRESS GAUGES 
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LORD CASE 75 	SECTION 5-5 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

14.030 

x 	 

12.520 
	

16.010 9.996 1.1.340 
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-0.590 	-0.593 	-0.690 
-0.623 -0.692 
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-0.527, 	-0.348 
-0.322 

-0.414 
-0.427 

-0.613 
-0.610 

-0.549 
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-0.412 

0.000 

 

    

    

7.407 8.276 8.627 7.119 3.774 6.188 5.025 5.663 

FIG245 

LOAD CASE 26 	SECTION 6-6 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

SECONDARY STRESS GRUGES 

0.000 
-0.796 -0.096 	-0.065 	-0.0139 

-0.084 -0.112 
-0.072 

0.058 
-0.653 

-1.006 
-1.535 
	

-3.973 
-2.045 

-3.424 

-1.638 

-0.114 
-0.093 

2.523 • 2.649 -0.068 -4.476 
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LOAD CASE 73 	SECTION 6-6 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

SECONDARY STRESS GRUGES 



496 

0.165 
0.153 -3.274 

-2-.2413 

-3.324 	..1.775 ---1.063 
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490 

-0.002 
0.083 

-1.053 
	-0.069 

31 .C1611 	30.880 
	70.390 0.390 	23.710 -6.010 :' •45C 2.0C:0 

,=4.0 CNSE 77 	SECTION 6-6 
C3T,3/TUDINAL STFF55ES AT EXTREME FIBRES 

SECONDARY STRESS GAUGES 

-0.321 
.-0.874 

-0.882 
-1.203 

-1.648 
-6.375 

-3.077 
-4.381 

-8.860 
0.161 

0.273 

-11.460 18.110 0.045 90.000 

-2.441 38.320 
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LCAD CASE 32 	SECTION 11-11. 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

SECONDARY STRESS "GAUGES 
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0.127 	 0.408 0.440 	 0.801 

-0.028 -6.585 -0.643 -15.460 
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LORD CASE 73 	 SECTION 11-11 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

MAIN STRESS GAUGES 

FIG250 

LOAD CRSE I 	 SECTION 2-2 
LONGITUDINAL 5TRE5r.Eq AT fjx1RFNF FIBRES 

SECONDRRY STRESS GAUGE: 



-0.714 

-2.245 

-1.632 

-30.513 46.384 

625 

-25.789 16.186 -9.910 

-1.029 

)$8.202 

-2.568 NI 

0.660 

1.310 

0.711 

0.174 
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498 4' 
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LOAD CASE 10 	SECTION 11-11 
FLEXURAL COMPONENT OF TRANSVERSE.STRESS 

SECONDARY STRESS GAUGES.  

0.158 • 0:166 

0.226 

-0.032 
	

-0.022 

-0.251 

0.970 

1.233 

0.288 
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FIG252 

LOGO CPSC 1 	SECTION 2.2 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGE' 



A 

_0.034x 	0.252 

-0.7 

-1.750 
-0.955 

0.449 	1.442 

1.692 

-0.364 
-0.715 

-0.031 
0.662 

-1.765 

1.425 

4.934 	-0.503 9.483 -2.190 0.107 .285 

0.720 0.067 -0.615 

499 
499 

0.324 0.009 -0.048 -0.019 -0.027 -0.261 
-0.0$8 0.008 

0.998 
0.960 

0.097 
-0.824 

-1.232 	-0.467 

-5.472 0.727 	-0.419 

	-1.784 -0.490 1.664 
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LORD CASE 5 	SECTION 6-6 	. 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 

FIG254 

LOAD CASE 4 	SECTION 2-2 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 



1.407 
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LOAD CASE 32 	SECTION 11-11 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 

-1.291 
41.120 -70.340 

4.224 
0.085 

-3.489 
-0.002 

20.790 16.400 
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LEAD CASE IG 	SECTION 3-3 
FLEXURAL CONPMIEUT OF iRAUri'r'P-'3E STRESS 

SEConDARY 5TRESS GAUGES 



-1.925 
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LORD CASE 16 	SECTION 2-2 
	

SECONDARY STRESS GAUGES 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

0.697 
-0.798 
0.747 
-43.000 

-2.939 -1.557 
!61.1612 20109 ft, 5.116 -3.974 
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LOAD CASE 73 	SECTION 6-6 
PRINCIPAL STRESSES.MAX. SHEAR.DIRECTION 

SECONDARY STRESS GAUGES 
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LORD CASE a 
	

SECT ION 6-6 
DEFLECTIONS 

0.0D1 

FIG 260 

LORD CASE 10 
DEFLECT IONS 

SECT ION 11-11 



-0.045 

-0.779 -0.512 

-0.763 

-2.661 -0.650 	-1.396 

-0.719 	-2.535 

19.740 X28.540 

SECONDARY STRESS GAUGES 
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LOAD CASE 16 	SECTION 2-2 
LONGITUOINAL STRESSES AT EXTREME FIBRES 

0.099 

0.012 

SECONDARY STRESS cnucEs 

F IG 262 

LOA3 CASE IG 	SECTION 2-2 
IN PLANE COMPONENT OF LONGITUDINAL STRESS 

-1.070 

-1.332 

-1.318 	-1.856 

-1.692 

-2.142 

-11.870 

_51.520 	11- 

0.003 -0.208 
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503 
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t_cno cn5E 16 	SECTION 2-2 
F'EXURAL COMPONENT OF LONGITUDINAL STRESS 

SECONOFARY STRESS GAUGE3 

   

50 4 
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-9.945 	16.460 	 2.830 	4.440 -2.827 7.527 
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LOAD CASE 16 	SECTION 2-2 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 



6.724 	5.476 -0.4 

1.848 0.314
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-0.54i P.:i47 -0.966 -2.971 0.680 -1.366 -0.374 -0.298 
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LORD CASE 82 	, 	SECTION 6-6 	. 
	

SECONDARY STRESS GAUGES 
LOT:GITUOINAL 'ITRESSFS'AT EXTREME FIBRES 
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LORD CASE 84 	SECTION 18-6 
	

SECONDARY STRESS GAUGES 
FLExURRL COMPONENT OF TRANSVERSE STRES, 



-0.032 
0.021 

0.020 	- -0.013 - 
-0.025 

-0.117 
-0.085 

-0.155 

0.162 1.324 3.674 4.523 14.980 7.585 0.576 0.754 

FIG 267 

LOAD CASE 84 	SECTION 6-6 ' 
LONGITUDINAL STRESSES RI EXTREME FIBRES 

SECONDARY STRESS GAUGES 

0.915 
1.473 

0.180 0.687 
0.804 

0.023 	-0.039 	-0.113 -1.957 	-1.562 -0.001 	0.055 

0.024 	0.012 

--02023 

-0.245 -0.256 -0.252 -3.579 -1.278 
-0.221 	-0.298 -0.249 

.506 
_506 

11.290 

X 
-0.756 X 

),z  ,9.650 

6 .274 

-3.541 

	-0.22k 	0.0420( 	-0.05 	0.183 -0.427 

-0.895• 0.039 

0.429 0.281 	0)?43 1.055 	 

-1.086 
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LOAD CASE 82 	SECTION 6-6 
FLExURAL COMPONENT OF TRANSVERSE' STRESS 

0.427 -2.424 

1.479 

3.076 



SECONDARY STRESS GAUGES 

- FIG269 

LOAD CASE 69 	SECTION 6-6 
LONGITUDINAL STRESSES HT EXTREME FIBRES 

• 

-0.041 
-0.044 

-0.021 	-0.046 	-0.078 
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LORD CASE 69 	SECTION 5-6 
'FLEXURAL COMPONENT OF TRANSVERSE STRESS 

0.039 0.133 	0.018 -0.116 	-0.013 

0.068x 	0.861 	0.013 
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LORD CASE 71 	SECTION 6-6 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

SECONDARY STRESS GAUGES 

0.013 0.028 

0.031 

0.035 

0.025 

-0.028 -0.122 

• 

0.185 0.542 
0.765 

1.400 
2.633 
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- 	■ 
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-X -------- 
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a 

LOAD CASE 68 	SECTION 6-6 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 

SECONDARY STRESS GAUGES 

FIG 272 
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LOAD CASE I 	SECTION 2-2 
LONGITUDINAL STRESSES AT EXTREME FIBRES 

SECONDARY STRESS GAUGES 
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LORD CASE I 	SECTION 2-2 
FLEXURAL COMPONENT OF TRANSVERSE STRESS 
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LORD CASE 10 	SECTION 11-11 
LONGITUDINAL STRESSES AT EXTREME FIBRES 
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Fig.290 	Bifurcated Elevated Highways Model 2 - Total longitudinal stresses 
at Midspan C,E given by main stress gauges 
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Fig.291 	Total longitudinal stresses at Midspan C,E given by secondary 
stress gauges 
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NOTATION  

A 	enclosed area of box cross section 

Ab  cross sectional area of bracing member 

A
P 
 mid surface area of plate diaphragm 

A 	coefficient from Equation D2 AS 
 

a 	span of plate in transverse direction 

b 	spacing of transverse stiffeners 

b
B 

width of bottom flange between web centre.-lines 

b 	width of flange projection beyond web centre line 

b
T 

width of top flange between web centre lines 

Cd cross sectional warping property 

C1 
coefficient from Equation 3.18 

C2 coefficient from Equation 3.18 

f3x coefficient from Equation D2 

c 	slant height of box web between flange centre lines 

D
B 

transverse flexural rigidity of bottom flange 

DC  transverse flexural rigidity of web 

D
T transverse flexural rigidity of top flange 

D
YB as DB 

DYC  as D 

D
YT as DT 

do effective width of plate acting with transverse 
stiffener 

E 	Young's Modulus 
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Eb Young's Modulus of bracing members 

FB 
force in bracing member 

FD 	see Equation 2.3 

G shear modulus 

Gp  plate diaphragm shear modulus 

h 	depth of box 

b second moment of area of beam on elastic foundations 

Ic second moment of area of box cell 

I
w 

warping second moment of area 

Ix 
second moment of area about x axix 

Iy 
second moment of area about y axis 

I
1 

second moment of area of top flange per unit length 
for transverse bending 

I2 second moment of area of bottom flange per unit 
length for transverse bending 

13 second moment of area of web per unit length for 
transverse bending 

J Bredt torsional constant 

• distortional stiffness of box cell per unit length 

KHB HB summation coefficient from Figure 289 

k 	foundation modulus of BEF 

L box girder span 

Lb  length of bracing member 

L
D diaphragm spacing 

M 	bending moment in BEF 

NT torsional moment 

Mx 
bending moment about x axis 
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mn  distortional bendinq moment per unit length 

P antisymmetrical component of vertical loading 

P
HB 

antisymmetrical component due to one axle of HB 

vehicle 

P antisymmetrical component due to knife edge load 

KE 

PUDL 

antisymmetrical component per unit length due to u.d.l. 

P antisymmetrical component of horizontal loading 

bottom flange radial force 

top flange radial force 

web radial forces 

p 	applied distributed distortional load 

Q diaphragm stiffness 

Q
BEF 

shear force in BEF 

QW  distortional shear force 

q 	dimensionless diaphragm stiffness 

q
BB 

see Appendix B.3 

tl 	II 

q
BC 

cIBT 

qWB 	

11 	tl 	11 

11 	 11 

CIWC 	

11 

ciWT 

11 

nr*  increase in Q per unit length 

R 

,w  

BEF support reaction 

R 	torsional stiffness reduction factor 

R 	factor for simplification of 0 calculation from 

Figures B17-B20 

1 

P
1B 

P
1T 

P
1W 

contribution to P1  of 

contribution to P
1 
of 

contribution to P
1 
of 
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RB 
desired reduction factor for aDW 

RD  torsional stiffness reduction factor when internal 
diaphragms present 

desired reduction factor for uDW R
W  

✓ radius of curvature 

rs 
error in u

DW 
resulting from use of Equation 2.15 

rw 
ratio of warping stress at intersection of top flange 
and web to warping stress at intersection of bottom 
flange and web 

✓ error in resulting from use of approximate 
warping property Ix/4 

S factor for simplification of 0 calculation 

S section modulus of transverse stiffener and associated 
effective width of plate 

SB 
total radial force in bottom flange per unit length 
of span 

total radial force in top flange per unit length 
of span 

t
B 

thickness of bottom flange 

tp  thickness of plate diaphragm 

tT thickness of top flange 

thickness of web plate tW  

U
D 

distortional strain energy 

U
DB 

distortional bending strain energy 

U
DW 

distortional warping strain energy 

UT torsional strain energy 

U1 contribution to UD from top flange 

U2 contribution to UD 
from bottom flange 

U3 contribution to UD from web 
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u Warping displacement 

✓ redundant shear force at centre of bottom flange 

V
D 

as V 

✓ displacement along tangent to the section 

W distortional deflection 

x 	distance in spanwise direction 

y 	perpendicular distance from neutral axis 

Ys  perpendicular distance from shear centre to centroid 
of top flange 

perpendicular distance from neutral axis to centroid 
of top flange 

YB perpendicular distance from neutral axis to centroid 
of bottom flange 

YT  as y 

a 	ratio D
YB
/DYT 

al  warping parameter 

a2 warping parameter 

a3 warping parameter 

distortional parameter (see Equation 2.14) 

ratio bB/bT 

B 
change in length of diagonal for unit antisymmetrical 
loading 

D vertical distortional deflection at top of web 

G vertical rotational deflection from grillage analysis 

horizontal deflection at bottom of web 
HB 

(S, 	vertical torsional deflection at top of web 
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A 	ratio c/bT  

10
-6 

1 angle between diagonal strain gauge element and 
direction of a 

530 	 53( 

6VB vertical deflection at bottom of web 

6b  as 6j18  

6
1 
 vertical distortional deflection at top of web 

for unit antisymmetrical loading 

strain 

e
x 

strain in x direction 

ey  strain in y direction 

inclination of box web to vertical 

D 
equivalent distortional rotation 

A
G 

grillage rotation 

0
T 

torsional rotation 

Poisson's ratio 

ratio D /D YC YT 

a 	direct stress 

a B longitudinal bending stress 

cr 
DB 

transverse distortional bending stress 

a 
DW 

distortional warping stress ' 

a L  total longitudinal stress 

R radial component of longitudinal bending stress 

aRWB radial stress at bottom of web 

aRwT  radial stress at top of web 

aTW torsional warping stress 
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a 	total warping stress 

a
x 

direct stress in x direction 

a 	direct stress in y direction 

a
1 

maximum principal stress 

a2 minimum principal stress 

shear stress 

T
D 	

shear stress in diaphragm 

12 maximum shear stress 

B 
displacement coefficient for bottom flange 

p
c displacement coefficient for web 

T 
displacement coefficient for top flange 

4)10 	as 1p
B 

d warping parameter 




