THE THEORETICAL AND EXPERIMENTAL ELASTIC

BEHAVIOUR OF BOX GIRDER BRIDGES

‘A thesis submitted for the degree of
Doctor of Philosophy

in the Faculty of Engineering of the

University of London
by

Colin John Billington, M.Sc(Eng), D.I.C., A.C.G.I.

Imperial College of Science and Technology
London

March 1974



ABSTRACT

This thesis concentrates on outstanding elastic
problems.in box girder bridge.structures, in particular
that of cross-sectional distortion and its effect on

. locad distribution andttransverse stress levels at thg
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 elemént and model analysis
is given. The method is extended to continuous curved
sihgle 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



diaphragming arrangements leads to recommendations as to
the most efficient deployment of diaphragms in skew
suppdrtéd situations.

Extensive tests are reported on a series of small
scale elastic models of bifurcated elevéted highway
structures with complex plan and cross sectional geometry.

The three alternative forms of construction simulated are:

(1) Concrete spine box beam construction
(ii) Concrete multicellular box construction

(iii) Composite steel-concrete multibox construction.

Test results are aﬁalysed with particular attention
given to the distribution of longitudinal ﬁnd transverse
stresses, distortion of the cross section, secondary
warping, internal diaphragm behaviour and deflections.
The composite multibox model prévides 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 effécts are included and

particular attention is given to the positioning and

proportioning of diaphragms.
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CHAPTER 1l: INTRODUCTION

1.1 GENERAL ,

It has been estimated(l) that £1,000m will be spent on
the construction of-eievated highways during the presént
decade, a large proportion of the structures- being built
in urban aréas. The general requirements for elevated
highway structures in urban areas are as follows:

(1) Flexibility in the positioning of supports,

(ii) Adaptability to changes in plan geometry to

cope with small radius curvéé, bifurcations,
_carriageway widening, intersections, etec.,
(iii) Speed of erection,

(iv) Aesthetic accéptability,

(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

15
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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 forqes 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 pérticular 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 greéter understanding of the non-
linear behaviour of plate components of the box particularly
under erection conditions, the large number of box girder
structures curren;ly 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 have 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 ot compuﬁer hardware makes
ultimate load analysis possible, elastic methods will still
be necessary for consideration of the various unservice-

ability limit states of stress, fatique, 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 6f'the cross
section and their influence on load distribution.

Before discussing'the programme of research in détail
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 tg review the various available

analytical techniques (Section 1.3).



1.2 THE ELASTIC STRUCTURAL BREHAVIOUR 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
intersectiop 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 cémponents. Each of these compohents may be
assumed to cause oniy the phenomenon'suggested by its
title and is treated independently. This assumption is
ndt 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
shéwn 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.

18
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The torsional component of loading produces shears
which twist thé box. If the deformations dge to twisting
and shearing_of the individual plates are not compatible
with a rigid body rotation of the cross section,irigid
body rotations of the individual blates in their own
planes are required to satisfy compatibiiity 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 af positions of applied loading or diaphragms
with high out-of-plane stiffness, longitudinal restrained

warping stresses, © result (Figure"3). For certain

W’
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 ﬁhe 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 s&stem 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, o__, result (Figure 5).

DB
Where the degree of distortion changes along the length
of the b&x due to variations in distortional loading,
in-plane bending'df the walls takes place in such a way
as to cause warping of the cross section and longitudinal

distortional warping stresses, o (Figure 5). Distortional

DWW’
in-plane shears are associated with changes of distortionai
warping stresses in the longitudinal direction. Distor-
tional warping stresses may occur in.bokés of any cross
sectionalvdimensions includiné the torsional 'warpless'

sections described above.

The components of eccentric vertical loading on

rectangular and trapezoidal boxes are shown in Figure 6



together with the equivalent distortional loading for

horizontally applied eccentric loading.

21



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 dgirders With rigid cross-section

(4)

Maisel lists 299 publications relatgd to the
analysis and design of thin-walled beams. Of these, 63
consider the elastic_analysi§ af thin—walledAbeams of
rigid cross-section, including'fhe effects of torsion and
restrained warping, and the analysis of such beams has
been adequatelyr summarized b§ Kolbrunner and Basler(s).

Providing the interaction between the torsional and

distortional components of the loading can be heglected,
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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

(6) has devloped the early work of

(8)

section. Richmond

(7)

Reissner and Ebner in a form suitable for rectangular

bridge structures. The box is represented by four long-
tudinal booms and four walls. It is’éssumed 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.

9)

Dalton and Richmond( ‘have extended this approach to

(10)

trapezoidal boxes and Kuhn describes a flexibility



(11)

solution for a similar idealisation. Moya. develops
the displacement solution for curved single cell box
girders.

(12)

Vlasov draws the analogy between the differential
equation describing the response of a b;x girder to the
distortionai component of the loading and that of the beam
on elastic foundation (BEF). Wright, Abdel-Samad and

(13)

Robinson 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 énd that of intermediate
diaphragms‘orvcross bracing. Non-dimensional curves are
presented which provide the maximum distortional stresses
for boxes with regularly spaced interior diéphragms

subjected to concentrated loading at mid-panel. The

author has presented similar curves for uniformly

distributed loading(l4) which are more relevant to British
Standard Highway loading(ls).
Richmond(lG) 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.

(17)

Dabrowski 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..

24
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Folded plate analysis has been developed by Scordelis
for box girder bridges(ls). The method is restricted to
structures simplf 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 glement (FE) method(lg). 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

(20,21,22) 25 1ea

specifically for box girder analysis
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, ih general, restricted their use to
the more complicated structure. Various hybrid methods

(18)

such as the finite segment method and the finite

I8} '
(23) have .been developed in an attempt to

strip method
reduce computational costs but this is only achieved

with a sacrifice in generality.



1.3.3 Multicell and multibox structures with rigid cross

sections

(4)

A number of the publications reviewed by Maisel
consider the torsion of multicell structures with rigid

(24)

cross section. The work of Benscoter deserves
éarticular 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 crosé sections. Sawko and

(25)

Mosley 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.

(26)

Tung proposes a method for the analysis of curved

twin box girder bridges with boxes of rigid cross section.

simplified solution is also pro&ided for straight bridges

(27)

Hayward has produced curves which enable the
load distribution in straight twin box structures to be
determined and comparisons with grillage results show good

agreement.

26
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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

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

and the method has been applied to several multibox

(3,32,33) using the Imperial

(34)

bridges at Imperial College

College Structural Analysis System (ICSAS)
Few publications refer specifica}ly to the problem

of distortion of the cross section in multicell and multi-

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

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

(37)

specification 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 degreég"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:



To develop an approxXimate 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.

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.

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.

29
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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. Tﬁe 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 simalateé various. forms of box girder
construction as follows:

(i) Concrete spine beam construction,

(ii) Concrete multicellular construction,

(iii) Composite multibox const;uction.
The elastic behaQiour of these models is discussed in
Chapter 6.
The concluding chapter includes a section describing .

recommendations for design to account for distortion of the



cross section with particular reference to the code of

(37)

practice used in the United States and also the new

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

2.1 GENERAL _ )

The BEF analogy proposed by Wright et al(l3) 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(l7
is used as a basis for extending Wright's formulation of
the BEF analogy to accoﬁnt 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.

)



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
ELI 9 W+ KW - P(X)eeeeerieenneroneonnennns (2.1)
4
93X
where E is Young's modulus

Iw is a cross sectional property related
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 evéry point to the deflection of the beam at that

point) of foundation modulus k loaded by distributed loading

is
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The similarity of this equation to Equation 2.1 is
evident and a direct analogy exists between the physical
properties of the box and those of the BEF.

For convenience in treating standard bridge loading

. . . . (13)
which is normally vertical Wright et al developed the
analogy with reference to the antisymmetrical component

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

the distortional component of this loading is considered

"in the analysis. BAlso the differential equation is

expressed in terms of a vertical deflection W at the top

of the box web. Tﬁis déflection 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

34

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'réspect to the distortional
component of the loading. HéwéVer 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 oDB; the BEF bending moment is
proportional to the box warping moment and hence S
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

I Diaphragms or cross bracing are analogous to point

b’
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 stiffnessés 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 descripfions in this thesis.

2.2.2 Calculation of stresses GDB and ODW

The BEF solution is obtained in terms of deflections
and moments. The relationships between these quantities

and ¢ and ¢ are given by the following expressions

DB DW_
Opp = KFdW.................. ....... ereeeas(2.3)
where K is the distortional stiffness

W is the BEF deflection

bBV at the bottom of the box

Fd='2'§— | p
or Fd _ EE bB ‘; &51 at the top of the box
25 . bT + bB ‘J
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. -



and

where
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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)

UDW;b_BwlLM'........... ................. (2.4)
ZIb
Ib is the BEF inertia
M is the BEF moment
wb is a displacement coefficient for the
bottom flange plate (see Appendix B)
S ow is the warping stress at the intersection

of bottom flange and web.

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.



38

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 ¢ is good

DW
but agreement for transverse distortional bending stresses

Ohg is less good, particularly for the stiffened boxes.

However the aﬁﬁlication of the method may be cfiticised
becaﬁseiof 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
é reduced fréme stiffness should be used calculated for a
section of the box with transver;e stiffeners on oppbsite
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
(41)

model rectangular plexiglass box girder by Myers( .

While qualitative agreement is obtained quantitative

38
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agreement is not good. However this may be explained by
one or more of the following deficiencies in Myeré‘
experimental technique and application of the BEF method:
(i) Plexiglass is a material which creeps ét 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 alwaysrsucdessful.
(ii) The top flange éf 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.

(1ii) Stresses were calculated from uniaxial strain gauge
measurements. Stresses OX and Oy on the surface of
a plate subjected to applied forces in several direc-
tions should be calculated from orthogonal strain

readings € and Ey according to the relationships:

E
9 = 5 (sx +vsy)
(1-v7)
"6 = _E (¢ +ve )
Y 2 Y X
(1-v7)
where E is Young's Modulus

v is Poisson's Ratio



(iv) BEF stresses are calculated for a panel adjacent
tguthe model supports from Wright's curves for
panels near midspan and therefore underestimate
the model stresses.

In 1963 Florin‘42)

published a comﬁarison of two
theoretical analyses and test results on a rectangﬁlar
plastic model box girder. Thé 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 Vlasowv. Althéugh not
expressed in terms of fhe BEF analogy, the.theories were
based on the same differeﬁtial equétién. Florin found
that the'ﬁheoretigal 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. Tﬁis 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 analvsis

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(zo). 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 S and % ow 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. g

Example 2 was ahalysed as part of a parametric study

(43)

undertaken for the Merrison Cqmmittee . Two loadiﬁg
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 1l1-14. 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 % scale steel box

girders tested at Impexrial 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 equipmént and the stresses
calculated from these étrains 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 ﬁut 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 compﬁter 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

42



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 coﬁbuter.
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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 tﬁat the
cross-sectional dimensions are small in relation to the

radius of curvature, the radial component, ¢ of the

Rl

longitudinal bendihg stress, OB' for unit length of the

box is given by

5 .
0R=_._ --..oooo-ou--.ou-u--o-o-.-oc.--ooo(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 .t _(b +2bp)yT rs

ST - X T 7T

I .r

X

.--o-..o.-.-c-o-.a.-o(2:6)

S = M'x"tB'bByB
B

.r

X

where Mx is the longitudinal bending moment

tT, tB are top and bottom flange thicknesses
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§T, §B are distances from the neutral axis of
bending to the centroids of top and
bottom flanges

IX is the cross sectional inertia about the

horizontal centroidal axis.

"The radial stress dRW at a point in the web a distance ¥

from the neutral axis is given by

ORW= X ‘@ ® 6 60 60 e e e e se e ¢ s 8 8 aao o (2'7)

The system of radial forces shown in Figure 21 can be
replaced by a horizontal force actiné‘through the shear
centre andva pair of antisymmetrical horizontal forces (Pl)
acting at the box corners producing a torque (see Figure 6b).

The contributions to P by the flanges are given by

1
S vy ‘ )
PlT = _T°'s for the top flange
b . (2.8)
P = SB(h—ys) for the bottom flange
1B~ ————=
h
and for each web
Y
Piw = URWTc.tw ?l—% (ys—y)dy +
o h vy
h—y%

Rt (1-y g (h-y_-y)ds.... (2.9)

o h { h=§y
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where o] ' URWB are the radial stresses at top and

RWT
bottom of web

G ot v 2
p. - “RurtSws [ -Y{]

1w o=
. 2h2 3y
o .
+ RWBth(thé)z[l—(h—yé)].......(2.10)
2h? 3 (h-v)

The equivalent vertical antisymmetrical loading P for

a horizontal antisymmetrical load Pl is given by

P.h
P— l po-o.-.-o(z'll)

(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 tT(bT+2bP)y Ve + tBbB(h—y)(h—yS)
I .r.bT .

te- 2
+ _W_ Y ¥ l-Zg
h 3y

_ 2
+ B, (h=F) (h-y ) [1' (h‘Ys)I,,(z.lz)
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



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 antisyﬁmetrical component of the
radial forces given by Equation 2.12.

The distribution'bf 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 seétions, with the use of grillage
analysis programs. Such programs are generally available
to the designer and are used forlthe analysis of a wide
range of bridge structures. The cur%éd 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’aﬁd 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 thé grillage
analysis by reducing the torsional stiffness property of

the longitudinal members.

47
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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 ﬁhe final grillage

analysis should be équal to the sum of the distortional

-rotations (GD) given by the BEF analysis of the equivalent

straight girder, and the torsional rotations (eTz 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

Successive reductions of the torsional stiffness are

made on the basis of a comparison of rqtétions 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 toréional moments giﬁen by the grillage
analysis is not sensitive to small changes in torsional
stiffness. A study of a large‘number of practicalAsteel
box girder bridges shows thaé 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 modei are given in Figure 22
and a general view of'éhe 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 modél 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).

(1ii) 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-
ingiy 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

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

(2 - 3 x 106 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
follﬁwing elastic properties:

Young's Modulus (E) = 2.35 x 106 p.S.1i.

Poisson's ratio v) = 0.24.

This méterial has been déscribed in some detail here
és 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 butside
walls of the box at coincident positions so that the in-
plane and flexural components §f longitudinal and trans-
verse stresses could be separated. Strains were measured
at a-total of 168 iocations, using an electronic data
logging system desiéned 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. ﬁ}t can be seen from
Figure 24 that def;ections 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 wege 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
gfillage elements was the full torsional stiffness of the
box crosé sectiohs 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
cross sectional distribution of S at midspan due to the
symmetrical component of loading is shown in Figure 26 and
that due to the antisymmetridallcomponent is shown in
Figure 27. Correspbnding BEF and FE results are'also shown

in Figures 26 and 27 and cross sectional distributions of 9%Ne
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for a FE analysis of the equivalent straight box are shown
in Figure 28. Stresses afe non-dimensionalised with respect
to the maximum"simple{ bending stress as before. Unfortun-
ately three of the internal stfain gauge elements failed
during manufacture of the model so that transverse bending
-stresses could not;be.dbtained at these locations. However
sufficient gauges‘;emained 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 LA and - show
reasonable agreement between the thréé 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 £he box agree closely with BEF values. FE
and BEF reéults both slightly underestimate model stressés
for the symmetrical component of loading but close agreement
is obtained for o due to the antisymmetrical component.

DB
BEF stresses Opw for the symmetrical component are lower
than those from the othér analyses but average longitudinal
stresses are in agreement. BEF stresses ow 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



54

grillage analyses with reductions to torsional stiffness
properties are unnecessary. Agreement between the three.
analysis metheds is adequate for design purposes and
maximum stress values for the three analyses agree closely.
A comparison‘of the finite element res&lts shown in Figure
27 with those for the equivalent straight box shown in

Figure 28 demonstrates the validity of separating the two

components.



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 investigaté
the effects of altering the various parameters of the box
on its distortional behé&iour. A selection of the results
presented here have also been included in a paper with other
authors(3). The éxamples are based on a two lane highway
with piefs at 144 ft centres and although the structures
are not actual designs, the proportions are representative
of practical bridge cross seétions. The dimensions of the
examples used in this section are given in Figure 31 aﬁd
Tables 2 and 3. Reéults are presented in a non-dimensional
form by dividing the actual stress under a given load by the
maximum possible bending or shear stress undér the same load
calculated on the basis of simple bending theory. Defiec—
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 GDB and GDW
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for both BEF and FE sclutions. 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 ere sensitive to
the length over which the load is applied. Figufe 32 shows
the variation of peak midspan 5B and w with loaded
length for Section 1 under a fixed load distributed over
an increasing length. As the'loaded length increases
ODB/OB approaches a constant value and ODW/OB at midspan
reduces‘to zero. Distortional curvature is confined to the
fegions at the ends of the distributed load where distor-
tional warping stresses result.

Figure 33 shows ﬁhe variation of maximum stresses o

DB

and o distortional deflection, and transvexrse distortional

DW’ _
moment with wall thickness for a 6 ft x 6 ft box girder under
central point load. Distorfion of the cress section is
resisted by "frame action" of the box walls and by warping.
Wﬁen the wall thickness is small the frame action is neglig-

ible and distortion is resisted only by warping with maximum

values of Obw and distortional deflection. As the wall
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thickness is increased the frame action becomes more important

and distortional deflection,

with consequent decreases in W

but increases in transverse moment and ODB. With further

increases of thickness a peak value of 95B 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 resultiné reduction of
9hp*

The use of transverse stiffeners makes possible a study
of the effects of altering the frame stiffness of the box
whilé keeping the wali thickness and hence the warpiﬁg ‘
stiffness constant. The variation of maximum transverse
distortional moment and the corresponding stresses, ODB'
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 GDB and GDW for antisymmetrical
ldading 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 GB whereas the stresses in the steel
box are much greater and g in the web stiffener is several
times GB. However the web stiffeners in the steel box are
designed as buckling stiffeners according to BS153, and not -
to resist distortion of tﬁe cross section. If the stiffening
is increased to that for Section 6A (Table 3), the maximum'.
value of %pB reQucés from 9.810'B to 0.3203. Alternatively
diaphragms may‘be used to restrict 5B and to a lesser
extent oW 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 kepf
constant by varying the bottom flange thickness and the load

is applied 9 ft from the longitudinal centre line. The

variation of Ipp and GDW 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 boxeé

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 adjustéd 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.cDB and % bW 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 ¢ for Sections 8 to 10

DB

demonstrates how the position of maximum o may vary as

DB
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.



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 B which is given by

g =4 /[K et ceeeenee...(2.14)

(See also Appendix B).

B has the dimensions of (1<=_ingth)—l and a dimensionless
panel length (BLD) may be defined as the product of B and
the diaphragm spacing, LD. Curves may be plotted of dimen-
sionless BEF deflection, moment, support reaction and
shear for specific load cases. Wright et al(l3) present
curves for central point load and Figure 45 shows similar
curves of diﬁensioqless BEF deflection (proportional to GDB)
for a uniformly distributed load. Diaphragms at dimension-
less spacings greater than 5 do not significantly affect
maximum values of S An intermediate range exists from
BLD =1 to BLD = 5 over which the diaphragm spacing is the
dominant parameter and below-BLD = 1 diaphragm stiffness
becomes more important. Below BLD= 0.2 stiffness alone
controls distortion. These ranges vary slightly for diff-

‘erent loading cases but as a general rule for proportioning

diaphragms - these ranges may be used.

60



The influence of diaphragm stiffness. and spacing is
illﬁstrated by reference to Section 11. Figurei46 shows
the longitudinal distxibution of ODB in Sectibh 11 for
different numbers of diaphragﬁs with the load applied in
each case midway between the most central diaphragms. It
can be seen that five_% in. plate diaphragms axe necessary
to reduce ODB to a value less than OB'

Figures 47 and 48 show the effect of different numbers
of alternative diaphragms on the maximum values of 9 B and

ODW. Curves forxr the point load case illustrate that fox

few diaphragms stress levels are contxolled By the diaphragm
spacing, and for seven oOx moxe diaphfagms;stresses are
controlled by diaphxagm stiffness. Diaphragms are less
efficient in the contxol of warping stresses which if
critical are ﬁest'controlled by increasing the flange areas.
Three alterxrnative 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
6 x 6 x ¥ in. angles. Fox a point load, SpB is reduced to
about O.80B, if three intexnal % in. plate diaphragms, five
8 x 8 cross bracings, or seven 6 X 6 cross bracings are
used. Oﬁ £he basis of weiéht the thirxd altexrnative is

the most efficient and this arrangement also leads to the
lowest S w*

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 fofce is
resisted by the frame action of the box and by adjacent
diaphragms. For example, for seven 6 X 6 X % in bracings

the maximum stress in the angles would be 2.10B if the

bracings were assumed rigid, but is 1.00B 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 5B but

little effect on O over the range shown. A slight increase

in Opy 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 o at midpanel. If diaphragms are

Dw

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

are slightly increased (corresponding to four diaphragms in

may be increased slightly if the
(46)

Figure 49). Similarly S

diaphragm spacing corresponds to supports between A and B

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 B and OL shown in Figures 26-30 for symmetrical and

antisymmetrical components of load are combined to give the



stresses for single point loads applied above the centre-
line of each web separately (Figure 51) it can be seen that

maximum values of o and OL are obtained when the load is

DB
applied above the inner web. 1In such a case the distortional
forces due to the radial component‘of the longitudinal
rbending stresses are additive to the distortional forces

due to the antisymmetrical component of the loading and
higher values of ¢ and ¢ result.

DB DW

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 calculatién 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 sepa;ately. 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:

(1)

(ii)

(1ii)

BL, (span) - the dimensionless panel length of

the span of the box. If this is greater than
approximately 2.5 the influenéé 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

BL (span) greater than 2.5.

BLD (panel) - the dimensionless panel length between
diaphragms or cross bracihg. The influence of
diaphragms on mid-panel stresses depends to a
certain extent on the loading case. If BLD is
less than 2.0 diaphragms control the stresses
under both distributed and concentrated loading.
If BLD is less thaﬁho.z diaphragm stiffness alone
is the controlling factor. Therefore as a general
rule diaphragms are most effective if spaced in
the range 0.2 < BLD < 2.0. Of the thirteen struc-
tures with internal diaphragms only one had

BLD < 0.2 (Porton Road-Bridge) aﬁd one had BLD < 2.0
(Thornham East Bridge). |

Ik/4Ib’ r

B’ ry- The expressions leading to the

warping stiffness property I are complicated and

b
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the use of an approximate value of ;x/4 has been
(13) . : . .
suggested . The warping stiffness is used in
the BEF analysis at two stages - in the calcula-
tibn of the B 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

- EYW.euno.... e, (2.15)

where y is the distance from the neutral axis of

bending to the extreme fibres

W is the BEF deflection.

In Table‘S'the value IX/4I gives a comparison of

b

approximate and exact values for warping stiffness

and r, is a measure of the error in B resulting

B

from the use of ;X/4. rs is a measure of the error
resulting from the use of Equation 2.15 rather than

the exact expression for O Expressions leading

to rB and r  are given in Appendix B. Table 5

shows that the maximum value of r is 1.19 - an

» B
error of 19% - but in only two cases rB shows errors
greater than 10%. Values of rB greater than unity
lead to conservative values of cbw and values of rB

calculated to be less than unity do not exceed 6%
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(iv)

error. The approximation of Equation 2.15 measured
by rs leads to somewhat larger errors, the maximum
being 25%. However where values of r are small,

S

values of r

s ing large erxrors in o___,
repre ent} g g DW 8

are generally greater than unity and discrepancies
tend to compensate. The maximum error in Spw in
using Equation 2.15 together with Ix/4 is 19%.

Since the warping stresses are generally of less
importancé than ODB the above figures suggest that
the use of these approkimations leads to sufficient
accuracy for design.

Vb - the redundant shear.at a cut on the centre line
of the bottom flange of unit length of the box
subjected ta unit antisymmetrical load. The exXpres-—
sion for Vb is complicated and is used in the . .-
calculation of the frame stiffness K. The value

of V, is almost al&ays 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 Vb is
outside the normal range and for Bridée 1 the use
of a value of .225 would lead té 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

6¢
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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) vy and A - geometrical properties of the box used

(vi)

to define the practical ranges of box girderg.

For rectangular boxes vy = 1 and trapezoidal boxes
obviously have vy < 1. A - the rétio of slant

height to top flange width -varies between 4 and
0.24.

oo 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 aﬁd they reflect the levels of 9B 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 oiher
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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o} ]

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,paraméters and in particular the approx-
imate warping pfopérty 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 Rulesvare based on the use of a simplifiea BEF

method resulting from the above étudy. They will be discussed

further in Chapter Eight,
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CHAPTER 3: MULTIBOX BRIDGE STURCTURES

3.1 GENERAL

A recent feafure'survey of 173 concrete box girdef
bridges(47) shows that of the total, 53 are single cell,
59 are multicell and the remainder (61) are multibox. A
siﬁilar 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 structuresf A

report by Kee(49)

provides the basis for an approximate
method of calculation 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 strdétures 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



70

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 cbmputer-programs for the analysis of grillages_
are widely used in the design 6ffice for the analysis of
many forms of bridge superstructure. Sawko and Mosley(so)
describe the appliéation 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-
pPlacements of the box corners which result from deformation
can be considered as rotations of thé'flanges which are
additional to the pure torsional rotations and which reduce
the effective torsional stiffness of the box section. This
conception of the.séructural 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 Bredt-Batho

value for closed undeformable sections and is given by

GJ = 4GA2
ds
t
where G is the shear modulus

A is the enclosed area of the box c¢ross section
t is the wall thickness

s 1s the distance along the box wall.



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

Step 2

Step 3

Step 4

Carry out a grillage analysis of the structure
assuming the longitudinal members have the full GJ

as given above.

Carry out a BEF analysis of each box with anti- .
symmetrical loading equivalent to the torsional
moments given by Step 1.

At key sections compare the sum of the BEF distor-
tional deflection GD and the torsional deflection GT :
with the grillage torsional deflection GG. (GD is

the vertical distortional deflection at the top

corner of the box defined by W in Figure 5, §_ and GG

T
are the relevant torsional rotations multiplied by
half thg top width of the box defined by GT in

Figure 2. GT is obtained from the grillage results
by dividing GG by the torsional stiffnesé reducﬁion
factor and therefore, for the full.torsional stiffness
gri;lage, GG =-6T).

Calculate a new torsional stiffness equal to the

previous torsional stiffness divided by the reduction



factor R which is given by:

R =01 + &p
=
G

® ® » 5 0 @ T S F S e T 00O e .l.--'."(3il)

Step 5 Carry out a further grillage analysis with the new
GJ.

Stegi6 Carry out a BEF analysis of each box with antisym—
metrical loading equivalent to.ﬁhe 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 cereenee ceesunen ce.s(3.2)

The previous grillage and BEF analysis-will -have . -
given the correct aistribution of bending and torsional
moments and deflections, and distortional stresses and
deflections.

The proéedure is illustrated by reference to the twin
box structure shown in Figure 52. The cross section consists
of two épen—topped steel boxes with a composite reinforced
éoncrete 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. Céntilevered transverse bok members are uéed
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 pdssible 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 isAthe minimum necessary to defiﬁe the geometry
ané the mesh length is equai.to one sixteenth of the span.
Finite element transverse distortional bending stresses,
°bB’
above one of the outer webs ét midspan are given in Figure 55
and Table 7 respectiyely. The grillage anélysis for longi-
tudinal memberswhaving.the full ﬁorsionalistiffness (GT)
gives an éﬁtisymmetrical deflectioﬁ for the loaded box.of
6‘ = 0.224 % lQ;Bin. and the BEF analeis of the correséond—

G

ing torsional moments gives a distortional deflection Sp

_2'
of 0.403 x 10 in. The sum of GD and the torsional
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and deflections for a concentrated load of 1 ton applied



deflection GT (=0.224 x 10_3in.) gives

8 L 0.224 x 10> _ 1 ... (3.3)

¢ * Sp 0.425 x 10 2 19

which suggests a reduction of GJ to one nineteenth of the
full value. Trans&erse distortional bending stresses‘cDB
for the BEF analysis of torsional moments given by the
full GJ grillage are also shown in Fiéure 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 afcomparison of deflec-

tions for this case gives:

for the_loaded box 6G = 1
8 6
p + O 0.971
LR B A ooo-(3o4)
and for the unloaded 6G 1 _
s s 1.
box p*or 1.115

Figure 55 shows that the maximum o calculated by

DB
grillage-BEF is within six per cent of the finite element
values - an accuracy quite sufficient for design. The

factors from,Equation 3.3then 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

and for the uniformly distributed line load

$g _ 0.932,

5 s
D+t

differences Qf five and seven per cent respectively.

The transverse distortional stresses for the two load
cases togefher with corresponding FE results are given in
Figures 56 and 57. The resuits show very good agreement
for the two methods and_give.the important result that the
same reduction factor for the torsional stiffneés may be
used for different load cases with consequent savings in
computer costs,

LongitudinalAstresses 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 egample.
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3.3 ALTERNATIVE NON-ITERATIVE APPROXIMATE METHOD

The procedure for'calculation of distortional effects
using the grillage-BEF method propesed in 3.2 could be
abbre&iated if the final torsional stiffness reduction
factor could be estimated with acceptaﬁle 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
satigfied. An alternatiQe approximate basis for calculation
of the reduction factor could be the condition that the

strain energy of torsion, U_, and distortion U_, in the

T
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.

UT(reduced) =UT+UD.-o--oo-aa-aoa-.vo.o.- (3-5)

(66)

This approach has been used by Pelikan and Esslinger .
for estimating a reduced torsional stiffness of orthotropic

decks with .closed stringers.

L
5, 2 [ , .
UT=—2'E;-5J PT dS cviiveeeeaneene vesesseeas (3.6)
where b is the top width of the box

T
P is the antisymmetrical loading

g8 is the distance along the beam.



The distortional strain energy is the sum of the strain

enerqgy due to distortional bending, U and that due to

DB’
distortional warping, UDW'
Up = UbB *+ UDW v .. (3.7)
where UDB is given by
L 2_
UDB=K st---o---oovoc.ooo--n. ...... 0(308)
o}
and UDW is given by
I
U EI (W“jzd (3.9)
DW: b S ....... ’ ..I>.. ......... * ® @ -
o}
where K is the foundation modulus of the BEF

Ib is the inertia of the BEF

W is the BEF deflection

therefore ) L ) L
b .
T p2as - bo P2ds + U+ 7T
2GT EEE DB DW
(reduced)
o
U
and &I T+ DB+ DW _ __...... e...(3.10)
U
GJ(reduced) 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 furthér 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 belbw. (Longitudinal éistributions of
torsional moments and distortional deflections in general
approximate sinusoidal configurations).

Applied torsional moments m, are distributed according

to
my, - P.by singx ..., e e (3.11)
L
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 MT at a distance x from the

support is therefore given by
~1./2

Mo P.b_ sin gx dx _ P.b_ L cos mx....(3.12)
T = T L - T N

The torsional strain energy Un is given by Equation 3.6

therefore

U, = (o)LL (313)

N
&
=
[\8)



81

For the idealised non-deformsble box with a reduced

torsional stiffness GJ

(reduced)the torsional strain enexrgy

UT (reduced) is given by

2

. "P.Db 2 :
U, (reduced) = ( T) (L) Lo ....(3.14)
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 behding moment diagram
for a unit length of the box subjected to a unit distributed
antisymmetrical load is shown in Figure 59. Vb is the
redundant shear at the centre line oﬁ_the bottom flange and

its value is derived in Appendix B. Distortional bending

moments m, are distributed according to

my =Mosinax (oLl ee...(3.15)
: L
where M is the value given by Figure 509.

The distortional bending strain energy for the top

flange U is given by

___.s1n mx dx.dy
2ET L
2 2
Vb 2x .sin mx dx.dy
b +b L
ZEIt

therefore '
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therefore
v N e . (3.16)
l b+b D T s s v s 0 00000000 -
T B
48EIl
where Il is the inertia of unit length of the top flange

plate for transverse bending.
Similarly for the bottom flange the distortional bending
is given by

strain energy U2

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

2 2
U, _ _cL c,” -cc, +cC :
3 T S8t .l:l 172 _Z_J .......... (3.18)
3 3
where c, = bB.Vb/Z
c "'bT(bB V) + C
2= —|—— b 1
-2 bT+bB
and 12, I3 are the bottom flange and web inertias equiva-
lent to Il for the top flange.

Equating the strain energies gives

UT(reduced)T= Up U, +0, + 0, «evnnnn..(3.19)

and substituting from Equations 3.12 to 3.17
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Equation 3.20 may be usedvto calculate a reduction
factor, R, for the torsional stiffness pf longitudinal members
of the grillage analysis without recourse to preliminary
analysis. The assumptions necessary to the derivation of
Eguation 3.19 make the expression approximate especially for
distortionally flexible boxes. For é#ample the structure
usea to illustrate the grillage-BEF approach in 3.2, which
has no transverse stiffening or diaphragming and was selected
as an extreme exaﬁple 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 ha#ing 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, disfortional effécts
and longitudinal bending moments for a range of grillage—SEF .
analyses of the twin box example for toréional stiffnesses

ranging from the full Bredt-Batho value to zero.
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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 GJI/2 (i.e. 50% reduction) produces an increase of less
than 6% in the maximum deflections and longitudinal bending
moments and a decreése of only 9% in the maximum torsional
moment. Similarly a reduction of the torsional stiffness
from -GJ/10 to GJ/100 (a reduction of 90%) 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 practigél bridge designs suggest that,
in general, the behaviour is insensitive to small changes

(32'51f52L; Conservative results for distortional

to GJ
stresses are obtained when the effective torsional stiffness
is overestimated. The use éf 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 Spp* This gives sufficient accuracy for preliminary
design énd if the distortional effects prove to~be critical
a furtherrgrillage analysis may betneCesséry for an accurate
assessment of distortional effects.

The torsional stiffness reduction factors necessary

for practical box girder designs vary widely according to



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 seétion_is largely limited to

the loaded panel. 1In such cases it may be assumed that the

sinusoidal distribufion 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

R=ﬂ=l+GJLD V2 | {Ps -VDZE'E
D GJ..q4 12bTZEL L bptby Iy
2. 3 2 2
+Vp P8 4240 (C1 T 1% t* S
I2 I3 3 g
e, (3.21)
Therefore
L .
(R-1)
= +— T EEEE EE TN Y e TR .
Ry=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 theAuse
of skew supports for the elevatéd 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 supporfed bridge and distortional effects are corres-
pondingly more-;ronounced. In this chapter the behaviour
of skew supported mﬁltibox structufes is illustrated by
reference to theoretical énd model analyses of the Merstham
Interchange Slip Road Structures. These analyses also
provide additional comparisons for the analysis method .ﬂ
presented in Chapter Three.

Tﬁe four level Merstham Interchange is at present being
constructed at tﬂe-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 suppbrts of t#e

lower slip road structures which will carry two traffic
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' laﬁes over four spans varying in length between 76 feet
and 126 feet. The original desigh for the superstructure
consisted of two rectangular stiffened steel box girders
with a composite reinforced cdncrete 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
L 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 beneathjeach 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
%n Sections 4.2 to 4.4. The fesultS»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 construgted to a scale of 1/30 of the full

scale structure as this was the most suitable for the

.avallable 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 modei 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 whiéh 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.&%;

The steel boxes were eaéh-manufactured from a single
sheet of Birmingham Gauge 24 (0.02476 in.i 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



flange. At this location. the distortional warping stresses
and transverse distortiohal 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'thg-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 deécribed in Section 2.5. The slab
was cast in a steel mould and after éﬁring 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 eiastic,properties of the model materials
measured by tensile tests are given in Table 8.

The bearings consisted of % in. diameter,1l/32in. thick
;ubbe} pads mounted on columns instrumented to meésure the
support reacfions. The columns were located on a heavy
steel I-section girder which was supported ébout 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 afrapgement is shown in
Figure 71. The load, which was applied to a simulated HB

vehicle of the correct scale, was chosen in the correct

89



proportion to give the same stresses in the model as would
occur in the equivalent full scale structure so that thew
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 concentratea 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 1lb. and 45 units of HB loading (180 tons)
was represented by 448 1b.

Strains, deflections and reactions were measured experi-
mentally. The strains were measured in both the longitudinal
and transverse directions by electrical resistance strain
éauges bonded to the model surféces.' 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 i4 of the FE mesh and
the layout of theée strain éauges is shown in Figure 72.

The strain gauge readings were processed to give streéses
in the longitudinal and transverse directions. Vertical
and horizontal deflections were measured with dial gauges
having a resolution of 0.0001 in.. Sufficient aeflections
were measured at Sections 10 ana i4 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



positions so that the settlement of the rubber bearings
could be allowed for in fhe comparison of theoretical

and experimental results.

9l



4.3 DESCRIPTION OF THE FINITE ELEMENT ANALYSIS

The Imperial College Structural Analysis System

(1csas) 3%

was used to analyse the model. The mesh
selected for the analysis consisted eséentially éf rectangu-
lar elements withvtriangular 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

(19)

element and that of a plane stress element developed
. g . (20) .

specially for box girder analysis ~°. The stiffness

matrix of the triangular elements is a combination of the

(53)

stiffness matrix of the standard flexural element and
(19)

that of the standard plane stress element .

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

veffwas given by



Veff y/vsteel * ¥ concrete

and the thlcknesstéffand Young's Modulus Eeffwere then

calculated from the simultaneOus'equations

3
I:effteff — .
————-*—E T composite
12(1—veff)
and Eeffteff C .
— 5 = composite
(I=Vegg)
where D . and C . are the flexural and
v composite composite

extensional rigidities of the composite plate. The elastic
properties of the top flange plate used in the analysis were:

_ _ . _ 6 .
Verfs 0.261, teff— 0.356 in., Eeff—.3.95 x 10" 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

fhe 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 fhe initial uée of GJ/lG.for both lines of

longitudinal elements of the grillage.



4.5 COMPARISON OF MODEL, FE AND GRILLAGE-BEF RESULTS

The loaqihg case used for the'comparison is Load
case 2 of Figure 75 which conéists of-an HB vehicle placed
at its maximum eccentricity opposite one of the inner
supports. Figure 76 showé FE and model test transverse

distortional bending stresses © at Section 12 together

DB
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 °5B at Section 12 for the loaded box having GJ/16

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

Close agreeﬁent is obtained between the three methods
for stresses in the loaded box. The grillage-BEF results
overestimate the stresses in the unloaded box but fﬁrther
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/16 to
GJ/25 has a negligible effect on the behaviour of the loaded
box.

FE, model, and grillage-BEF transverse bending stresses

o at Section 10 are shown in Figure 77 and FE and grillage-

DB
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BEF stresées 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 distorgional stresses are
obtained. A comparison of computer times for FE and g;ill—
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 uéed for the comparison of‘
analysis methods in Section 4.5, were used to study the
structural bahaviour 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 theﬂéomplete structure can
be seen more clearly.

The support diaphragms prevent distortion of the box
girders above the piers but the central bearing does not
providé 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 fgom the support diaphragm at Section 8,
the deformationS‘ahd distortional stresses increase rapidly
away from the support. The maximum‘transvérse 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 supporﬁs (Figure 82, Point B),
where the differentiél deflection is large, and locally under
the axles of the HB vehiéle (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 bet&een 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 upwafd.deflection of the cantilever is greater
and the distortional stresséé in the loaded box are also high.
The maximum transverse distortional stress.: (ll377 p-s.i.)
occurs at Section 12 (Figure 83, Point D). Because of the
high differential deflection, the maximum transverse slab
stress ismalsollargerland occﬁrs where the slab joins the
inner edge.of the box at the diaphrégm (Figure 83, Point E).
The diaphraém“preVents thé relief §f ﬁhe 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. ﬁaximum 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 strﬁcture 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 HB 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 y%eld 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.
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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 transversé 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 aﬁd the results relating

to these positions were'also compared with the equivalent
right bridge (Fiéure 86), with a spén of 46.4 in., to isolate
the éffects 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 Fﬁ
analysis without altering tﬁé remainder of the data for the
program. The bar elements were proportioned to provide the
same distortional stiffness as % in. plate diaphragms in

the full scale structure. The load positions used in the
study were the same as those hséd in the original analysis

of the undiaphragmed model as these were 5udged 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



box and slab stresses for each diaphragm arréngement. The
results have been presented also as cross—sgctional plots
in a report for the DbE South Eastern Road Construction
Unit(33).

High transverse distortional bending stresses, Shp’
occurred in the box girderé 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 . in tﬁé 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 maximuchDB in
the unloaded box is almost unchanged (6,515 p.s.i. for the
undiaphragmed case to 6,152 p.s.i. - 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.1i.
to 1,511 p.s.i. and the latter value would be unacceﬁtable
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

1ol



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 distorﬁion is allowed at the shpport 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 aﬂa 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 sléb stresses
at Section 10 decréase as the diaphragm ié moved away from
the support region. The maximum transverse slab stresses

occur near the diaphrang‘(l,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
SN in both boxes are also reduced as the distortional
spans decreasg.

The results for Diaphragm'Layout 5 (braciné*in and
between the boxes at support sections) have also been
incorporated into Figures 87-89. They show that although
there is a consideréblé 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 GDB.is 5,791 p.s.i.

The results show that, of the diéphragm configurations
considered, Layouts 4 and 5 are the best solutions, the
maximum transverse slab stresses being marginally higher for

Layout 4 and the maximum o marginally higher for Layout 5.

DB
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 cmission

of diaphragms between boxes.



4.8 A COMPARISON OF THE SKEW STRUCTURE WITH A RIGHT

SUPPORTED STRUCTURE OF EQUAL SPAN

An equivaleﬁt right suppdrted structure with a span
of 46.4 in. (Figure 86) Was analysed. The load cases were
chosen to be symmetrical about midséan so that it was.only
necessafy to analyse a quarter of the structure (loads were
applied as symmetrical and antisymmetrical cémponents which
were superimposed to obtain the results for eccentric loads).
This resulted in large ;avings in computer time and storage.
The results of Load case 4 are comparable with those of
Load case 3 on the skew structures, ﬁﬁile 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
suppo¥t 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 wvalues of o for the right

DB
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 afe already available and those which may be
developed in the near future, is apparent. In particular,
the special structural problems associated with élevated
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 av;ilable 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 -
(1) Solid.reinforcedfconcrete slab

(1i) Voided reinforced concrete slab

108

(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 aboved program. which simulate different forms of box



girder construction. The fourth model is of plate girder

(45,?8,59). Pest

construction and is reported elsewhere
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 séction
of continuous elevated urban highway.l Such a section was
chosen as it incorporated many of the featurés which would
normally not be amenableAto conventional hand anal&tical
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
weré 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:

(1) Prestressed concfete 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) abové) 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 eariy stage that the.most suitable
materials for the gonstruction of the models are an Araldite
casting resin and sand mi#ture 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 sgnd 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 thaf this material could be

worked easily and that consistent elastic properties could
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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 C.I.B.A. of Duxford,
Cambridge. It consists of three parts - CY¥219 casting
resin, a liquid of medium viscosity, HY219 hardener and
DY219 accelerator, both liquids of low viscosity. These
are mixed in the follpwing ratio by weight.

Parts by weight

Araldite C¥219 ' 100

Hardener HY219 ’ 50

Accelerator DY219 0-10 depending on

: ' desired curing
time

Two parts by weight of Accelerator DY219 were used for .
the model mategial. This gives up to two hours for casting
and a curing time of two days at 20°C.
The sand used waé a fine builders sand passing B.S.
sieve No. 14. This was mixed with the Araldite in the ratio
of 4 parts sand : 1 pért 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

Yatio, " ,. 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 Sexvices resin 104 apd
hardenexr 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 Vv 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/m3
(142 lb/ft3). The stress-strain relationship is linear up
to 1000 ue in com?ression and 450 ue in tension. Above
these values the creep rate becomes appreciable. The ultimate
tensile strain varies between 600 pe and 800 ue and the
ultimate compressive strain is approximately 7000 ue at a

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

5.2.3.2 Steel

2

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 Vv 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 instruméntation was cﬁncentrated
at sections which wgré'jﬁdgeé to be the most critical both
from the‘magnitude and distribution poiht of viéw. In
general, instrumentation was carried throughout the models
sé ﬁhat‘atvleast one section in each.spén was fully instru-
mented and the outer spahé were thAused simply to provide

continuity to the more interesting central bifurcated span.

5.3.2 Deflections

Previous expefience at Imperial Co}lege 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 tﬁe models, it was considered essential to read
the deflections electronically rather than visually. There-
fore special transducers were purpose made for'this ﬁroject
by Research Models and Equibment of Twyford, Berks. They
consist essentially of a 'tuning forkf arrangement of two
cantilevers between which a coniéal plunger moves. The
cantilevers have linear strain gauges on 5oth'sides and

the total strain difference for the four gauges caused by
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movement of the plunger can be cqnverted 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 éircuits in an automatic data loéger (see Section5.3.5

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

 for the four gauges. The resolution of the transducers is

therefore 1 ue which is approximately equivalent to a

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

of transducers for the models are deséribed in Sections 5.5.3,

5.6.2 and 5.7.3.

i

5.3.3 Strains

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

. to in 5.2 3.1 were used throughout all four models for strain

measurement. The gauges aré 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 aﬁd néeds no pfessure or heat
(i1i) Moisfure proéf |
(iv) The trénsparent base makes itrpossible to detect

improper setting
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. o
(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 ma#imum variation.of resisﬁance 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 éo that a cqmplete 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.l 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 (% 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 éonsists of a 9.52 mm

(3 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 thévcolumn at diametrically opposite positions.
A state of verticai 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 |
the transducers such that the strains are additive. This
gives‘a resolution of 1 ye 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 1l ue equivalent to a force of 17N (3.8 1lbf)
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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 tﬁe floor so that
there is ample room for mounting vertical deflection gauges
beneath the models and placing leads from the instrumentation
to the data 1oé§er 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 Compﬁlog.
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 duriné 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 fér Model 1 (spine
beam construction) and the 500 channel system, which was
brought into commission d;ring 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 tﬁe 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' s£rains 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:

5(i) Dead weight

(ii) Uniformly distributed lane loading
(iii) HB vehicle locading

(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 (%3 in) plywood bonded to 3.2 mm (% 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 1l 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 simuléted HB vehicle was constructed with wheel
dimensions as shown in Figure 96. This was loaded with the
scale HB load of 721 N (162 1bf) for which results are given.
One HB loading case was carried out for each lane of each A
span resuiting in.l4 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 1lbf). 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 poin£ 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 1lbf). The point load

positions are shown in Figures 103-105.

5.4.1.5 Settlement of Supports

This loéding 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 settlem@ént 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'ané 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 falis gently
until a conicéi pin below the centre of the yoke locates in
a conical depressibn in the loading pad and the linkage
becomes slack. A general view of the loading rig is shown
in Figqure 108.

The lane loading testsrequire a number of loads to be ,
placed simultaneously. For Fhese tests a plate, which has
holes drilled diiectly above the centres of the loading pads,
is suspended below the jack. A.separate yoke 1s 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 wefe 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 succéssive 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 iq“the lane loading tests
were 178N (40 1lbf) per pad on the outer spans and 89N (20 1bf)
per pad on the bifurcated span but results are presented
for the loadings_showﬁ in Tables 13 and 14. The test loads
resulted in maximum strains of approximately 400 pe 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 O 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.



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 wébs down
to tﬁe bottom of the top corner haunches énd 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
éut té the requi;ed 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 100°C at which

temperature the web strips took up the curvature of the

127

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 wefe 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 T .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 pbsition 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 pbéitions of iﬁstrumentation on the webs could
be made coincident with those on the flaﬁge. 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 AV1OO resin and : ’
HV100 hardener mixed in equa} 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 thé end diaphragms and wires from the bifurcated
span were brought out through grooveé cut in the téps 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 Lavout of Deflection Gauges and Support Positions

The locations of instrumented sections are shown in
Figure 117. DeflectionsAwere 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 térsional restraints.
Single columns only are provided at intermediate supports

(Ssections 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, simpier and consequently

cheaper.

5.5.4 Lavyout 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 giyen
in Reference 45, A total-of 724 strain gauge elements, (143
main stress elements and 581 secondary stress elements),
were méasured‘pélthis 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 -
were fully instrumented with~biaxial gauges measuring strains
in the longitudinal and transverse directions (Sections 2-2,
10-10 and 14-14). Main stress gaugés 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 6f
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 bifﬁrcéted 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-sectionai distortion. Vertical
shears are measured in the webs at Se;tions 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 commencgd by the forming of the web sections to their
correct radii. The strain gauges were then bonded to the
inside surface!pf the bottoﬁ flange and both surfaces of
the  webs were-ﬁondéd‘to the bottom flange (Figure 127). The
same adhesives Were used as ﬁor_Model 1. All the wires from
the internai gauges were brought out through the ends of the.
model through holes in the diaphragms. The top flange was f
then bonded to the webs and finally the instrumentafion of |

the.underside,of_theabottom 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 measﬁredldirectly abové 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 Positiohé

Strains were measured at all sections shoﬁn in Figure 129
except Sections l-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 tétal 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
£o that on Model 1. Main stress gauges are located above
and below selécted 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 (locatéd 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.



5.7 MODEL 4 - COMPOSITE BOX GIRDER CONSTRUCTION -

5.7.1 Manufacture of Steelwork

The dimensioné 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 reqguire-
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 flaﬁge 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 sfaggered and co?er plates werxre bonded over the join
to ensure continuity. In the support sections a single

longitudinal stiffener is bonded to the longitudinal centre

135
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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 cheet and are located
at 30 mm centres on the bottom flange in the suppoft sections.
Diaphragms were also cut from 5 mm Araléite 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 10l with

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

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

than ordinary Devcon 10l and is necessary for connections

at the corners of‘the boxes where high transverse moments
occur, Befo;e 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 ievel surface with its unde:—
side uppermost and the steelwork (without bottom flange plates)
was fixed iﬁ position. Wires from internal_instrumeﬁtation
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.



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 Figufe 138. Final fixingrdid not take

place until the instrumentation was in position as described
above. Figure 136 éhows the bottom flange stiffening in

the support region. Figure 137 is a cldse—up of the bifurca-
tion showing how the shear from the bifurcated web is trans-
ferred by diaphragm to the webs of the cenﬁral box. Figure
138 showsvthe bottom flange plates in position and the
bottom flange cover‘plates in the support regioﬁs can also

be seen.

5.7.3 Layout of Deflection Gauges and Support Positions

The locations of instruﬁented sections are shown in
Figure 139. Vertical deflections are measured under each
web at Sections 3-3, 5-5, 6-6 and 11l-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 c;lumns at the ends of each arm of the structure
providing torsional restraints, and single columns aﬁ

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 14Q. A total of 603
strain gauge elenments (208 main stress elements and 395
secondary stress elements) are measured on this model.

Main stress gauges measure longitudinal stresses at

,Wthe_box,corners<at,allhstrain 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 (Sedtion 6~-6) strains are measured on both gsides

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

tion of longitudinal and transverse stresses.



CHAPTER SIX: RESULTS OF THE BIFURCATED ELEVATED HIGHWAY

MODEL TESTS

6.1 GENERAL

The results of tests on the bifurcated elevated high-
ways modéis, 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 particul%r 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.

2
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6.2 ACCURACY OF RESULTS

6.2.1 Testing procedure and calculation of strains

Each load case test consisted of rgadings taken for

the following sequence of loads (see also 5.4.3):
o0 LL, 00 LL OO0

where O represents one set of readings at zerxro load
1, 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 twq 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 Sik:and 20”@;were used so
that the gauge numbers of strain gauge.elements'that drifted
between Sik and 20pe , and those that drifted more than 20ue,
on any pair of readihgs, 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 (Op) together with drifting

gauge numbers. These mean values were subtracted from
the average of the first pair of loads (Ll - OI) to give
the factored strains (eI) for the first load cycle. A
similar procedure was foliowed for the second and third

pairs of zeros (0, and 03) and the second pair of loads

2

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

cycle were obtained (eI . The factored strains (el and

r’
'EII) were then multiplied by the gauge factor to obtain

the actual straing 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 20 ue were rejected. Almost in-
variably any particular gauge only drifted on oﬁe 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 posgsible 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 20ypug on successive scané at the same load

or on averages of successive pairs of zero readings can be
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shown to be 14 ue and the maximum error due to drift for a
gauge drifting both on successive scans and successive
zeros 1s 21 UE, Maximum measured strains were of the order

of 400 HE,

6.2.2.1 Analysis of strain gauge faults for Model 1

Out of a total of 580 strain gauge elements on this
model,mpwp_fgi%edrandrygulgrnotipgrreplaced. The rgsglts
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 He and 20ue
on successive readings at the same load, 2.3% of gauges
drifted between 5ue and 20 ue sn averages of successive palrs
of zero readings and only 0.7% drifted on both successive
readings_andrth; averages of successive pairs of zero
readings. The results of six of the other tests (three HB,
two point locad, 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

3

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 oOf successive pairs of
zeros a further analysis of these results was made which

showed that only 1.8% of gauges drifted between 10 M€ and

20 ye 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 caseé was 2.2%. 4.6% represents an average
error of 2 ue per support column. For Model 2, the maximum
erroxr 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 ue per suppoitAcolumn. For Model 4, the maximum
error in reactions was 4.3% ﬁor Load case 8 and the average

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

per support column.

6.2.4 Moment

The average -stress values were checked at several
gsections 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 reacfions given in Figure 142 and the épplied
loading is 40858 N.mm. and the moment calculated from the
longitudinal stresses given in Figures 143 and 144 is
40044.N.mm which repreéents 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 eqguilibrium checks for Model 2

The moment at midspan AB for Load caée 1 calculated
from the reactions given in Figure 148 is 37839 N.mm. and
the moment calculated from the longitudinal stressés 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

N

e error wag found +to he

. 5%

OF\
e
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6.2.4.3 Moment equilibrium checks for Mcdel 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~calcﬁlated 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 exrror 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 6f 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.fofm 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/mm2 for

stresses in the Araldite and sand material and 10.41 mm
10 N/mm2 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 aé there is a slight magnification of the diagram
during reproduction. The numerical values of all stress

and deflection results are given on fhe diagrams, stresses

. 2 . A . . cqq s
being given in N/mm~ 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 FPigures showing longitudinalistresses at extreme

fibres

The main stress gauges are located on the-centre liﬁes
of each of the webs. Longitudinal main streéses are
calculated from longitudinal and transverse strains and are
plotted on vertical lines extending above and below the webs.
Stress fésults are joined with straight lines, the only
purpose oﬁ 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 secondaryiwarping 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 Figqures 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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"
(&34
Q

Maximum principal stress 9y
Minimum principal stress a,
Maximum shear stress 12

Clockwise angle from diagonal
. element direction to direction

of Oi {in degrees) 61

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
sectionél profile which is shown on the diagrams. The
deflected positions of the box corners are joined by straight
lines which have no ﬁeaning other than to emphasize corner
deflections;‘ Figures adjacent to the deflected position of
the bo# cornexrs give the maghitudes 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



boxes and above the top flénge. ‘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 lana loading cases,

thirteen HB loading cases, four knife edge and six point

0

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>resu1ts is the very gbod 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 thé

stress levels. In all cases when the load is on the

-

|

38
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inside of the curve the maximum longitudinal stresses are
greater than when the load is on the outside of thé curve
(e.g. Fig. 143 c.f. 158, 160 c.£f. 161, and 162 c.£. 146).
This phenomenon is caused by the distortional warping
stresses due to the radial compbnent 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, C., and C2) have a single support

1
column under the longituainal centreline of the structure.
At Pier B a main stress gauge is located on the longitudinal
centreline of the cpmpression flange adjacent to the support
position. In several cases this gauée 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 aiaphragm.
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/mm2 for Load case 9 (Fig. 164)
' 2

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

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

A detailed cross secﬁional 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 gauée résults 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 1ineé, 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 fbé increase in stress across the webs is that

(63)

of secondary warping 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 lineax
variation of normal stresses ovexr the wall thickness. Shears
perpendiculaxuto the wall are produced and.a secondary
warping torque develops. The maxiﬁum streéé 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/mmz, value
on flange adjacent to web 1.144 ﬁ/mm2 representing-an
increase of 17.8%) and as the web centreline values are
those obtained by conventional analysis methods (e.q.
grillage, finite element 'shell'-analysis) which treat the
.structure as thin Qallea, 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 ?f stress at the middle
plane of each wall and the flexural éomponent includes the
effects of secondary warping and that of eccentricity from
the neutral axis Qf bending. For example, consider Figures
166 and 167. Fig. 166 shows the smooth transverse distribu-
tion of the in-plane component whereas Fig. 167 showslfhe
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/mmz) occurs
at S.G. Section 6 for Load case 9 (Fig. 168). The maximum
stress in span AB (1.144 N/mmz) occurs when the inside lane
is loaded for Load case 1 (c.f. 0.607 for Load case 4,

Figs. 144 and 169)



L

6

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 sﬁresses. 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 distortion of the cross section.
This cross sectional distortion also produces transverse
flexural‘streéé;s._

Curvafure*of ﬁhe‘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) © = 1.208-N/mm2 (Fig. 170), Load case 4

DB

(outsidelane) O__ = 0.864 N/mm2' (Fig. 171).

DB

Maximum transverse bending stresses for lane loading
occur at Section 1 for Load case 1 (1.208 N/mmz, Fig. 170).

Stresseg in spans C.D and ClE are much lower (maximum

2

0.456 N/mmz, Fig. 172) and the maximum stress Shp in the
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bifurcated span occurs at S.G. Section 6 for Load case 9
(0.869 N/mmz, Fig. 173). Maximum transverse stresses
caused by HB loading also occur at Section 1 (3.526 N/mm2
for Load case 15, Fig. 174). fhe maximum HB flexural
stress in Span BC is 1,389 N/mm2 for Load case 29 (Fig. 175).

‘Load cases in.the bifurcated span produce significant
transverse stresses‘in the deck slab between the boxes neaxr
the bifurcation. The maximum occurs for Load case 29 at
S.G. Section 6 (2.267 N/mmz, 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 thelcanti—
lever root. Similar values are obtained for each lane
loading case (e.g. Load case 1l: 0.772 N/mm2 (Fig. 170),
Load case 10: 0.701 N/mm2 (Fig. 177), Load case 12:

0.730 N/mm> (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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1 181~183) and at Support C

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 ILoad case 9 (outer

lane loaded, Figure 180) all three webs have similar shears
but the iﬂner web has-‘the_largest shear of the three. At

Supportsc1 and C2 the shear distribution between webs

reflects the loading position and shears of opposite sign

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

1

5 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. Wherg'eccentric loads are applied to the inner

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

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 yertical and horizontal direc-
tions. For example, Figure 185 (Load case 5) sﬁows that
the angle that'thé’maximum positive principal stress makes
with the diagonal strain gauge element is very near 0° or

90° for all gauges and therefore the maximum shears which
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occur at 4SQ 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 a?e 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 maximuﬁ compressive_

principal stress rotates towards the vertical.

6.4.6 Principal stresses in Span BC

Triaxial strain gauges were used ét 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 directio;s. The directions of
principal stresses in the unloaded box do not agree as
closely with these directions but the maximum longitudinal
- stresses obtained at éach 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/mm2 (Figure

168), greatest maximum principal stress = 1.749 N/mm2
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(Figure 187); for HB loading, maximum longitudinal stress

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

2

maximum principal stress = 3.835 N/mm” (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 Bg.rrﬂo;izonpa} deflec—~
tions are generally low due to the considerable transverse
stiffness of fhe 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 19Q).

The maximum vertical deflections of the outer spans
are measured uﬁéer the outer webs when the outer lanes
are loaded (e.g. Figures 191, 192) whereaé 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_diégonals of the boxes are

greatest for cases when inside lanes are loaded.
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8 TILocal 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 appliea to the cantilever,
jitudinal hogging moments are produced in the centre
-he vehicle, giving.tensile stresses on the top sufface.
some cases these stresses are larger than the compressive
‘2gses in the deck due to overall bending of the section
g. Fig. 193 longitudinal tensile stress of 0.651 N/mm2
the cantilever). Transverse bending stresses in the
.tilevers are also produced, the maximum measured value
ng 2.504 N/mm2 for Load case 20 (Fig. 194).

Longitudinal and transveise moments occur in the top
nges 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
ssses on the top surface (e.g. Fig. 195) and transverse
ying moments are produced in the top flange midway

seen 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 1b).
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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 BHA
loading for'SpaanC. Maximum longitudinal stresses are
obtained at the tip of the cantilever for Load case 49
(-1.898 N/mmz, Fig. 196) and maximum transverse stresses

occur at the root of the cantilever for load case 46

- (2.078 N/mmz} Fig 197).

A series of six point load cases was tested (load
cases 54;59, Fig.iOB) and results are presented for a
load of 222.5 N (50 1lb). The results again demonstrate
the good load distfibution properties of the boxes (e.q.
Fig. 198). High local streéses arise due to longitudinal
and transverse-beﬁding of the deck under the concentrated
load especially‘fqr load cases 55 and 58 where the load
is placed midway between wegs. For load case 55 the
maximum longitudinal stresses of -3.024 N/mm2 occurs
directly under the load (Fig. 199) and the transvérse
flexural stress at this location is 4.311 N/mm2 (Fig. 200).
Whefe the load is applied above the webs transverse dis-
tortional bending stresses are obtained in the box walls
(e.g; 1.118 N/mmz‘for Load case‘Sé, Fig. 201) and Load
caéeé 57 and 59”pr§duce 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, aé
illustrated by Model 2, are summariséd 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 thig model also display
the very good transverse aistribution 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 ClE' 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 C,D differs from the other outer spans in that in

2

C2D the outer lane is above a cantilevered part of the
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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 thé main stress gauges is

1.581 N/mm” for Load case 5.

6.5.2 Distribution of longitudinal stress

The secondary warping behaviour described in 6.4.2
is also displa?ed 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/mmz,
value on flange adjacent tg-web = 4.487 N/mmz, represent-
ing an increase of 25.3% (Fiés 210, 211);‘maximum value
on the web centre line for all tests = 4.701 N/mm2 for
Load case 35 ana the maximum value on the flange =
6.172-N/mm2 representing an increase of 31.1% (Figs. 212,

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

-

}-J
=3
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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-pléne stresses are generally
low and the maximum valué is of the order of thirty per
cent of the flexural component. Flexpral 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-
ClE are significantly higher when the inside lane is

loaded (e.g. Load case 1 (inside lané) Sop = 1.421 N/mm2

1l

(Fig. 216), Load case 4 (outside lane) o 0.970 N'/mm2

DB
(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/mm>, Fig. 218) for loading applied above the

cantilever. The maximum transverse flexural stresses
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in Spans AB and C.,E are 1.421 N/mm2 (Fig. 216) and

1
1.259 N/mm2 (Fig. 219) respectively. In the bifurcated
gspan (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 paét of the span,
the maximum stresses occur at Section 5, the overall

maximum being 1,151 N/mm2 for Load case 5 (Fig. 220).

For HB loading the maximum transverse bending

stresses occur at Instrumentation Section 13 for TLoad

case 35 (6.452 N/mmz, Fig. 221). The maximum flexural
stress in the boxes of the bifurcated span occurs at
Ingtrumentation Section 6 for ILoad case 22 (4.359 N/mmz,
Fig. 223). |

| Load cases in the bifurcated span produce signifi-
cant transverse stresses in the deck slab between the
boxes near the bifurcation. fhe maximum occurs for Load

case 27 at Instrumentation Section 6 (2.766 N/mmz. Fig.

224), Significant transverse in-plane stresses also

occur in the slab at the bifurcation (1.25 N/mm2 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 ﬁnloaded 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 cibsely with the greatest
principal stresses at these points (e.g. maximum longi-
tudinal stress at Section 6 = 3.897 N/mm2, Fig. 226;

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

6.5.5 Deflections

Horizontal deflections are largely festricted by
the high in-plane bending stiffnesses of the flanges.
Where distortion of the cross section does occur it is
mainly confinea 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 numbef of
wheel loads :on any one aﬁie 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/mmz, Fig., 221).

.

6.5.7 Xnife 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 1bf). 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/mmz, Fig. 229). High transverse flexural stresses
occur in the slab at the bifurcatién for Load case 51
(L.872 N/mm?, Fig. 230) ‘and the maximum transverse bending
stress in.the céll walls is aiso produced by this loading
case (2.374 N/mm21'fig. 230) .

Four point lbad cases were tested (Load cases 60-63)
and results are presented for a load 222.5N (50 1bf).
High local stresses arise due to longitudinal'and trans-
verse bending of the deck under the concentrated load,
especially for Load caée 62 where the load is plaéed‘on the
canfilevered part of the section at the bifurcation. The
maximum measured longitudinal stress of 6.429 N/mm2 (Fig.
231) occurs under the load and the transverse flexural
stress at this location is 8.221 N/mm2 (Fig. 232). fhe

high local stresses alter
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the principal stress directidns:in the vicinity of the
loading in the top flange and the maximum measured

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

6.5.8 Support settlement results

Two support settlement cases were considered - Load
case 86 which is the settlement of the inner support at
Pier A, and Load case 87 which is the settlement of Pierxr

.C 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 1bf)
directly above the column. Load case 87 resﬁlts 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 1bf).

For Load case 86 the maximum longitudinal stress
measured'on the web centreline occurs at Section 6 (2.256
N/mmz, Fig. 234). Secondary stress gauge measurements
were taken for Section 2 and the results exhibited the
secondary warﬁing phenomenah 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 stregses occurred
at Pier C, (3.318 N/mmz, Fig. 237) and high lonéitudinal
strescses were obtained at Sections 6 (2.096 N/mmz), 8
(1L.993 N/mmz) and 13 (2.082 N/mmz). The maximum vertical
deflection was obtained at;Seétion B»(l:208 mm, Fig. 238)

and an upwards deflection resulted at Section 2 (~0.358 mm,

Fig. 239).

R



171

6.6 RESULTS OF TESTS ON MODEL 4 - COMPOSITE MULTIBOX MODEL

6.6.1 Overall behaviour

The overall behaviour exhibited by the main étress
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 puter spans which are

otherwise fairly similar. Span C.D has no internal diaphragms,

2
Span ABAhas internal diaphragﬁs at midspan, and Span ClE 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 C.D (no internal

2
diaphrégms) to a maximum of 77.9% for Span ClE (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 Séctions (5 and 6) in Span BC. Instrumentation
Section 5 coincides with intérnal'diaphragming and Section
6 is midway between diaphragms. Results at botﬂ sections
exhibit the good distribution obtained with the diaphragmed
box section (Figs. 242—245) with approximaﬁély fifty per
cent of the total loaavcarried by thé loaded box. The

maximum longitudinal steel stress in Span BC (37.18 N/mmz)
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occurs at Section 6 for Load case 73 (Fig. 246) and the

maximum slab stress is -3.324 N/mmz.

The overall maximum- longitudinal steel stress occurs

in Span C,D at Section 11 for Load case 32 (90.00 N/mmz,

2
Fig. 248), where the maximum longitudinal slab stress is
-8.60. N/mm2. High;warﬁing stresses also occur in Span
C2D due to the action of loads in the bifurcated span
(e.g. Fig. 249).

6.6.2 Warping stresses,

O'JW

Warping stresses are calculated by subtracting the
average longitudinal extreme fibre stress on the flange
(GB) from the stress at the edge of the box. Warping
stresses are included in Table 15 and are non-dimensionalised
against O - 'QW/UB is tabulated for the loaded box and
also for the box adjaceht to the loaded box. A marked
reduction in UW/T% is obfained with an increasing number
of diaphragms from a maximum of 334.9% for Load case 1O

on Span C.D (Fig. 240) to a corresponding value of 19.2%

2

E (Fig. 241l). The maximﬁm

for Load case 14 on Span c1

longitudinal stress of 32.185 N/mm2 in Span C_.D compares

2

with a maximum of 20.812 N/mm2 in Span C.E although

1

- maximum values of oy are 18.25 N/mm2 for Span C,D and

. 18.500 N/mm> for Span C,E.
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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 Orq 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 tﬁe load in the
transverse direction and warping stresses are smaller

than those at Section 3 where rapid changes in distortional

deflection (Wb) occur due to the prescence of the dia-

phragms. The rapid changes in deflection are accompanied

by high curvatures and hence high values of UW (propor-

tional to 82Wb/8x2).



6.6.3 Effects of curvature on longitudinal stresses

The effeét of curvature on the stress levels in the
outer spans is also illustrated by‘Tablé-15. For each
span, results for loading on the innermoét lane are
tabulated above those for loading on the outermost lane.
In ali cases the warpihg sfresses, and hence maximum
longitudinal stresseé, are éignificantly 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 hoxes

In-plane components of transverse stress are generally
low and only of significance where beariné stresses occur
in the webs due to superimposed loading. Flexural stresses
QDB are high and of the same order as maximum longitudinal
stresses.

Transverse stresses in the boxes are measured at
Section 2 in Span 2B, at Section 6 innspan BC and at
Section 11 in Span CZD' 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. 1In
Span C2D which has no internal diaphragms the maximum
stress is 46.384 N/mm2 (Fig. 251), in Span AB with one
internal diaphragm per box the maximum stress is 17.696
N/mm2 (Fig. 252) and in Span BC a maximum value of 5.472
N‘/mm2 (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) UDB = 17.696 N'/mm2 (Fig. 252), Load case 4
(outside lane) UDB max 9.483 N/mm? (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-
éhadowed by the much higher transverse distbrtional stresses
in the outer spans. The maximum flexural component of

transverse stress occurs for Load case 32 at Section 11

(L35.0 N/mmz, 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 inducihg transverse stresses.
Stresses also arise due to differential deflection between
boxes and finally streéses 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
stresseé, in the parts of the deck forming the top flange
of the box girders, are highest in Span C,D where maximum

2

aDB stresses in the boxes occur. The maximum value for

lane loading of 2.245 N/mm2 is obtained for Load case 1O

(Fig. 251). The spacing of webs in Span C,D is greater

2
than in other spans and consequently the slab has a
greater span in the tfansverse direction.

However, the maximum measured transverse bending
stresses in the slab between boxes do not occur in Span
C2D but in Span AB at Section 3 where diaphragms are
incorporated into the boxes. Here:- extremely high stresses

2 for Load case 16

are measured, the maximum being 20.79 N/mm
(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
di%phragmea location. However a similaf phenomenon was
observed in the study éf 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 ﬁhe distortion is prevented
and a ‘'hard’ point is préduced at the intersection of the
edgé 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

178



179

other boxes do not agree~aé-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 lonéitudinal
extreme fibre stress at Section 6 = 37;180 N/mm2 (Fig. 246)
and the greatest makimum principal stress = 37.490 N/mm2

(Fig. 258).

6.6.7 Deflections

Horizontal and vertical deflections of the box corners
lare plotted for loadéd 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 calculatéd 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 cfoss section occurs it is largely
confined to the vertical direction with the webs remaining
parallel to the vertical (e.g. Fig. 259).

The maximum vertiéal 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
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gsection 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 Suppbrts due to the elaéticity
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 thehconcentrated nature of the
loading and local longitudinal and transverse stresses
are produced. For example, consider the results of Load
case 16 at Section 2; Fiéure 261 shows the longitudinal
étresses at the extreme fibres énd illustrates the high
longitudinal stresses in the loaded box. The in-plane
cbmponent of>longi£udinél stress shows a more smooth

distribution of stress (Fig. 262) and the flexural com-

ponent (Fig. 263) includes the local longitudinal bending

=4



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/mmz. -

6.6.10 Knife edge test results

Four knife edge 16ading cases were tested (Load
cases 82-85) and results are presented for a load of
222.5N (50 1bhbf). ILocal effects are obtained in the top
flange under the knife edge where high longitudinal stresses

result (-3.579 N/mmz, Fig. 265). High transverse flexural

stresses also occur in the slab (e.g.-6.155 N/mmz, Fig. 266).

Maximum 1pngitudinal steel stresses are obtained for Load
case 84 (l14.98 N/mmz, Fig. 267) ahd the maximum transverse
bending stress in the boxes is obtained for Load case 82
(11.29 N/mmz, 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 1bf). 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 fiexural stress at

this location is 11.130 N/mm2 (Fig. 270). Maximum steel
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stresses are 12.79 N/mm2 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 Toad case 89 which is the settlement of Pier

C,. For Load 83, results are presented for a support

2

gettlement 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 1bf)

at a distance of 25.4 mm (1 in) from the column in a
radial direction away from the centré of curvature.

Load case 89 results are presented for a support settlement
of 2.54 mm.(O.l-in) which was achieved by removing a

2.54 mm (0.1 in) packing piece from beneat£ the column

and applying a load of 356N (150 1bf) at a distance of

25.4 mm (1 in) from the column along the arc in Span CzD.

For Load case 88 the maximum longitudinal stresses
occur at Section 4 (17.71 N/mmz, Fig. 273) and high longi-
tudinal stresses also occur in the bifurcated span (e.g.
12.9O-N/mm2 aﬁ Seétion 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/mm2
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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 1ll.

For Load 89 the maximum longitudinal stresses occur
at Section 10 where'the‘settlement is imposed (68.74 N/mm2
in the steel and 5.41 N/mm2 in the slab, Fig. 276) and as
might be expected the effects of settlement at this single
column innexr support are ;tmuch 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 typicallof existing
structures of gimilar 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 instruﬁentation were intended to produce
information against which computer programs could be
tested and also to pro&ide iﬁsight into the structural
behaviour of the various forms of construction. To this
lattef end some of the details sugh as, for example, the
number of diaphragms in the outer spans of the composite
multibox scheme, were varied throughout the strﬁctures
althougﬁ this obviously would not bg done in praétice.

The two models which simulate concrete structures
provide an iﬁtéresting coﬁparison in that'their cfoss

sectional areas are gimilar except for Span CZD which in

=t
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Model 2 has a large cantilever on one side. The cross

sectional areas are as follows:

Span Cross sectional areas (mmz)
Model 1 Model 2

AB 4302  4348.25

clE' 2435.5 2360

C2D 3873.5 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 éf Model 4 are all very
similar and of the same order as maximum distortional
stresses GDB in the concrete models. The high maximum
slab transverse bending stress in Model 4 is due to the
positioning of internal diaphragms 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

2

overall stress levels. The high stresses in Model 2

e

occurred due to HB loading on the cantilevered part of

the slab in Span CZD' As described in 6.6,

185



186

186

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,lare similar in magnitude to the
stresées iﬁ the concrete models when thé 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 ﬁhe cross sectional.
distributions of iongitudinal stresses at Midspan AB for
the lane loading cases on the three models (e.g. Figs. 144,
150, 155 for Models l; 2 and 4 respectively). Models 1 and
2 both exhibit the secondary wafping behaviour caused by
the relatively thick walls wiﬁh an increase in stress across
the webs and a more rapid decrease 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 thé thick concrete web. Howevef, the increase in stress
across the steel box is due to the high local cﬁrvatures

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 distfibution 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 t;énsverse 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 comﬁbsiﬁé”mﬁlfibdx N

bifurcated model described in Chapters Five and Six
provides arrigorous 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 piate thickhess
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_ingtrumentation are shown
in Figure 139. Model test'results are described in
Section 6.5. The érillage 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. fhe 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 th;t 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

(25)

storage. The work of Sawko and Mosley 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 whicb 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 torsibnal 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
tﬁerbbi Qidéh: fhis ¥esul£édrin a cibée approximation to
EIé,-slightly increased values of GJ and k and a slightly
reduced value of EIW. Longitudinal grillage members in
the bifurcated span which incorporated changes in cross
Sectiénal dimensions were assumed to have average propexr-
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
C2D which has no internal diaphragms to 2.0 for that‘part

of Span BC nearest Pier C Reduction factors together

1°
with beam properties are given in Table 17.

The analysig of the model was carried out for the
reduced torsional,stiffneés values-givén 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 ) S o

1 Uniformly distributed lane loading in
Lane 1 of Span AB (Figure 95)

10 Uniformly distributed lane loading in
Lane 1 of Span CZD (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 MODEIL 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 crogs section is plotted to a scale of 0.736
full size. Stresseé are piotted to a scale of 14.72 mm
= 1 N/mm2 for the Araldite and sand deck and 14.72 mm =
10 N/mm2 for stresses in the steel. Defléctions 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/mm2 units and deflectioné in millimetres.

Experimental results are shown as crosses which are
joined by solid st:aight lines, the only purpose of which
is to emphasizeafhe experimental points. Theoretical
results for £he3reduced torsional'stiffneés 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 ploﬁted
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 Sectiong 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 diﬁiding by the average deflection, GB'
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 Compagison 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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ig 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 overeséimate 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 ﬁhe steel
boxes are shownﬂin 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.

Theorétical results for geduced torsional stiffnesses
and test resﬁlts 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

E—J

)



were experienced with the results of the Merstham
Interchange model described in Chapﬁer Four and aré
largely due to small imperfections in the manufacture

of the model. If model results on opposite sides of the
boxes were to Be‘averaggd 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 we?e selected using Equation 3.2.1.
Although the comﬁarison of theoretical and experimental
results described in the previous éub—sections shows gqod
agreement, it is advisable to consider the compatibility
criterion of Equation 3.2 to ensure that the approximate
theoretical solution approaches 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 r?duction 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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I—J
(Ue)
[2)

by Equation 3.2.1. 1In view of the insensitivity of the
analysis to small changes in torsional stiffness demon-
strated in Chapter Three, and the good agreement between
theoretical aﬁd 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'sectiénal 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 respdnse 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 deflectiqn 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

analyges 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 Ruies’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 gi#en shows how the
behaviour in the elastic range departs from that given

by the simple theories of bending and torsion used by

standard grillage analyéis prdgrams. The principal effects
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which cause this departure are:

(1) Shear lag |

(ii) Distortion of the -cross section and

distortional warping‘
(iii) Torsional warping

(iv) Secondary~warping.‘

Information on éhear 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 reéﬁction in the
effective breadth’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 dischSed in
detail in 8.1.2. The transﬁerse distortional bending
stresses and distortional warping stresses produced by
cross sectional distortion can be large in magnitude and
must be considered in design. Térsional warping sffesses
are generally’ of secondary importance in practical box
girder structﬁres. Their magnitudes can be calculated
approximately by the simplified procedure given in the

]
Interim Design Rules(JB).



Secondary warping stresses are developed 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 Qarping stresses
with maximum values of approximately 30% of the longi-
tudinal bending stresses under the same loading. In
orxder to assess their significance'in relation to the
total longitudinal étressés.dué'Eovdééd”éﬁd'1{Vérldading,'
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

(L) 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.

200
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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 distortionaliwarping 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
chéice of transverse stiffener section while maintaining

a constant distorfional 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 bf plate section.
Peak distortional stresses occur at éhe 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 iﬁ'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.



(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 8L, and four ranges of diaphragm effective-
ness can be observed which are defined by ranges of B;D.
Diaphragmé at spacings corresponding to BLD greater than
5.0 do not significantly affect maximum distortional
stresses at midpanel. An intermediate range exists from
BLD = 1 to}BLD = 5, over which the diaphragm spacing is
the dominant parameter in controlling distoxtion, but

below BLD = 1 diaphragm stiffness becomes more important

and below gL, = 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
Ix/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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curvea'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 simﬁly supported curved box
girders. An analytical method has been proposed based

on the combined usezof_étandard'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 stresseé 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 ére subtractive. This phenomenon
was observed in the circular box model describéd in Chapter
Two in which the radial component produced transverse
distortional bending stfesses 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

analyvsis 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

méking reductions to the torsional stiffness properties
of the longitudinal members of the grillage to allow for
apparent'increased,rotatiohs about the longitudinal axis
due to distortion of the éross 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 torsionai stiffness to the effective
valuef for theAsteel'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 moxe flexiblevdesigns

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 alsé 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 étudied with
particular referénce 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 tﬁe bearings, in the region of #he inner skew support,
thus accentuating thé 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 digtortion

is prevented and a hard point 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 aajacent hoxes in_such a way that they were
offset longitudinaliy. Alternatively diaéhragming 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

206
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that of the equivalent right supported structure with a

span equal to the distance between inner skew supports.

(5) The equivalenﬁ right bridge structure wes"ahalysed
with both single and twin supports ﬁnder eachAbox to
determine the effeet 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 distortionel deflections, but they do
indicate that the torsional stiffness of each box is
small when compared with-the torsional stiffness of the
complete structure restreined by single.su?ports under
each 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 highwavs 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
ﬁaterial properties were such that testing was largely
time and temperature independant. The insfrumentation
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.;.
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 éreat 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 Mexstham Interchange model.

(6) ?rincipal étressés wefe measured éﬁ gaugeApositions
near the bifurcations. It was found that the principal
stress directions in thg flanges of loaded box cells
coincided with the lohgitudinal (i.e. spanwise) and
transverse directions and that maximum longitudinal
stresses agreed closely with maximum principal stresses.
The difections 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 léads were not applied directly above the
diaphragm the principal stresses acted along the diagonals
.and maximum shear.stresses occurred in the vextical 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 vextical.
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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.

210



8.2 DESIGN METHODS

Two principal design specifications which give
guidance on the effects of dis£ortion and transverse
load distributién are the American Association of State
Highway Officials (AASHO) "Standard Specification for .

(37)

Highway Bridges" and the British Interim Design Rules

(xpr) 38

issued by the Department of the Environment.

The treatments given to the 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 ap;roximately equal
to the box width. Other dimensional restricfions 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 £ype. 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
pler positions.

No such 8imensional 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
distoftional behaviour of his structure. The method
resulted from the parametric studies described in Chapter
Two of this thesis and is based on a siﬁplified 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 stregses. and distortional warping stresses
to the antisymmetrical loading and the distortional prop-
erties of the box cxoss section. fhe basis for the design

method is given in Appendix D. 1In addition design aids

-are given to asgist in the calculation of the distortional

parameter f§ (see Appendix B) and to provide the summation

The method considers a single cell cross section but it is
applicablé 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

212

.of the effects of the four axles of the HB vehicle (Fig. 289).
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the structural action which the full BEF method can supply.
A knowledge of the ranges of diaphragm effgctiveneés dis-
cussed in 8.1.2 enables the designer to proportion diaphragms
efficiently. The othexr disadvantage is that if the designer
uses standard grillage programs for global analysis without
making allowance fof disﬁortional deflections, he will
obtain an overestimate of distortional stresses but an
underestimate of maximum longitudinal béﬁding stresses.

The combined use of griliage and BEF methods proposed in
this thesis provides a close approximation to the correct
degree of load distribution and the prevailing stress
levels. It woﬁld, of course, be poséible 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.



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
(13)

formula wasvderived by Wright from curves given in

the A.I.S.C. manua1(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 whiéh occurs near the corners of the

box and which affects the stress levels at this location.
The intersection of stiffener ou#étands 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 éxperimental investiga—

tion of the variation in effective width appropriate for

stress calculations in the vicinity of the box corner



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 thé fatigue performance of
the corner welds. The longitudinal weld joining
adjacent flange and wgb-plates igs subjected to 1ongitg—
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 iéka need for a
comprehensive experimental study of this problem.

The two Bifurcated Elevated Highways models which
simulated concreté,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 1ongitudinal.
stress can be.significant.' It is hoped that a study of
larger scale micro-concrete box girde; 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=~

(49)

cell structures than that proposed by Kée 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
expecﬁed that in many cases this will obviate the need
for internal diaphragming especialiy in concrete box
structures. Recent box girder research has concentrated
almost exclusively on the ultimate behaviour under
symmetrical loading, and the implications for collapse
undef eccentric loading on undiaphragmed structures
must not be overlooked. Thé»way now appears to be open
for~£he developmenﬁ of an ultimate global analysis

méthod.based on the grillage-BEF approach for considera-

tion of the collapseylimit-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,s) and the warping displacement by u(x,s).
The basic assumption of negligible shear strains may be

expressed as

3u(x,s) v avi{x,s) _ g4
9s axX

«... (Al)

The termdv/dx is found from the distortional deflec-—

tion W(x) shown in Figure 5 and v(x,s) is expressed as the

product W(x).V(s). Therefore
u(xls) = = W' (X)Qd(s) - @ & 0 0 " o 0 e - o ® 0 &6 0 * 208 00 0 0 a0 ...(AZ)
where Qd(s) = V(s)ds + C
So

The strain energy Uy corresponding to the warping

stresses is given by

2

: L

_ _B Ju(x,s)

U, =3 ( I P dA | dx
A

(@]
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thexefore

L
ll'2
U, _1lECC (W'') dx ........ ceresnaas .. (a3)
1 by d

o)
h c 2 %(s) aa
where g = g (s

A
= 0o %(s) tls) 4
g (s 1s

and t is the plate thickness

L is the span.

The enexgy, U required to distort a length dx of the

2'

box cell is given by

dU2 = ;.szdx

2
th
erefore I
U, = 1K - S e, (24)
2 —
2
o]
where K is the frame stiffness per unit length.

The energy U3 of the external forces is given by

where p is the generalised force per unit length.
The total potential energy U is given by

v=U, +0, + U

1 2 3
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therefore I,

X wdax - pWax ....... (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.l RESISTANCE OF CROSS SECTION TO DEFORMATION

~ The load—displaqement 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 defiection
61 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 givihg 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 Ml diagram
(Figure B4): -
2
Now fll = f; ds
EX
, 2 2
£y o L | o .;]@ L _(_)
2 2
DB 2 3 DT 3 2 2




therefore
3 2 2 3
f. =L by 4 2c| Py Ppbgiby ) Py
11 12 DT Dc DB
ﬁ MM
o ET
~therefore
' 3
2 C bbb (b+2b ) + 1 .b_.b
U = ) — TB B T — B T
A
o (bT+bB)2‘ [Dc DT :]

therefore

= 3
+
D, (b)) Byboe 2 PePr
IR 3 2 2 3
+ +
(bT+bB)[b 2c . (b b b +b %) D ]

v

_‘1‘1_-{-.__ _'___B_
D

D

v}

T

9]

B

@ 0 0 00 000 000800 . (Bl)

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 prépérfion of the Bredt-Batho
shear flows (Figure BG6). | |
Deflections are computed relative to the centre of the

top flange;

to

{a)
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(i) Vertical deflection at top of web, §

1
MM
§q —J\EI ds
| 2(bT+bB)
hence
2
5 _ e (e |20 V (2b +Db.)
1 24(bT+bB) D, (bT+bB) T o
2
b b
+ T B
D (b +b ) V e 2 06 000088000 (B2)

61 is the deflection of ﬁhe 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 +b

Deflection = MD(—EL—E56]_

(ii) Horizontal deflection at top of web

The horizontal deflection relative to the centre of

the top flange is zero. From inspection it can be seen that
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the M' diagram is zero.

(iii) Vertical deflection at bottom of web § (see Figure

VB
B7).
b 2
Ny
2(bT+bB)
therefore
VB
bB

(iv) Horizontal deflection at bottom of web 6H (see

_ B
Figure BS8).
Wt oo bTh
D +
(bb )
therefore !
= '_2_11 6
GHB b 1 -
: B
"The distortiohal stiffness K (= 1/61) is computed from

Equations Bl and B2. In order to simplify the calculation
of the B parameter, the expression for which includes K,
curves were derived for inclusion in the Intérim Design
Rules. If the dimensionless groups Y(= BB/&ﬂ, A= C/BT)’
a(= DYB/DYT)’ and V(= Dy/Dyp) afé substituted into
Eqﬁation B2 this equation reauces to

24DYTR

K=l/6l=-‘?q;‘3—‘

-~



233

where
_ 1l 4+ a .
R=- 2y Y
vigLT Ty (? * Y)é] iy - S
and
S = : (yA/NV). (2 4+ v) + vy 5
1+Y+%(1+Y)(1+Y+Y2) +X———J—(l~: )
then
~ 24DYTR
g = 4 3
EICBT
For rectangular boxes, y = 1 and thg_equation for R reduces
to
R = 2
A [1 - 330 /v + 1) s 1o Gx/v_+ 1)
v (2 + 12)0/v + 2/0) 2 (2 + 123/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 o for different values of A/v. Values of A/v
and o 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 X by the

expression
A= (1 - v)/2 cos ©

where 6 is the side slope of the bhox.
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Curves similar to those for the rectangular box may be
plotted for particular values of 8 and A. 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.

s
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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 éf a BEf. The diaphragm
stiffness analogous to the support stiffness of the BEF
is evaluated for various diaphragm cdonfigurations. Bracings
are considered first. The bracing stiffness is defined as
the magnitude of concentrated antisymmetric load producing
a unit distortioﬁal 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 cE Figure 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 forée in the webl member. Each brace of a
pair has the properties: Length Lb; area A_:; and Young's

b

Modulus Eb. The change in length of the diagonals, § for

bl
unit antisyﬁmetrical load is calculated by resolving the
deflections of diagonally opposite nodes in the direction

of the diagonal (Figure BlO).



Therefore
6b= &' + §' + (S”"
where 5 = h61
L
b
h
61l=___6
Lb VB
(b_+b_)
Glll_.'T B(S
2Lb ..HB
therefore
a1
bB
Gb =::::::::'_.—:'-6:L ......................... (B3)
/ (bT+bB)2
14| ——
2h
From Figure B9
b
2(1.%2)
L= B
Q= b, +b.
1+-—T——B\)
_ ‘\ 2h
Now 2 _ Eb‘ extension
By, Ly

for unit vertical distortional deflection the extension is
Gb/dl and Q is then the diaphragm stiffness.

Substituting for P and extension

07,
o)

l

5,0 By
L

o
o,
g
o
o
o
I—J

™o
[



237

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¢ = F cos¥6
therefore
Pc i
F = E“ -
d

Resolving vertically at A

R cos VY = P sin¢ + F cos 6

therefore
R = 2P1'_..b
Lg
§
B P
Q =8
1
therefore
2 ; 261Lb Q
S. L.



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 Bl2).

Therefore

6=6l+6|l=_.__.+__.l..—.

/

b,
5=-€-‘— 1+52 .................. e . (B5)
b B
E .
R _ _b.extension
Ay Ly
therefore
> o0 _Fonf,,
Spla By Tp I by
therefore

_ EbAbh | bT Gb
Q = —EE;? . Ld 1 +— '—I ............ (B6)
B



239

B2.3 "Inverted V-tvpe bracing

Considering Figure Bl3 and resolving vertically at A,

Qplom

Resolving vertically at B

R sin 8 = %?h
d
Therefore
2P
R = LLb
d
§
Q==2p
1
Thexefore
§.L
b4

The extension, §, of the brace is calculated by resolving
the deflections at each end of the brace in the direction

of the brace (Figure Bl4).-

Therefore

6=6'+6"—'}1_6'1""ﬁ.£'6
B, By T, L
§+h b
:"“L—(l}—:_il_l\ ................ (B7)
L \ DB/
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but

R Ey.extension

Ay Ly,

Substituting for R and extension ‘

_ By Pr\°n

b_ 8.
2L.b3 B/ 1

Q

B2.4 Ring Stiffening

The diaphrégm stiffness of ring stiffening can be

calculated from Equation B2 for §., when Dc, D_ and D_ are

1 B T

replaced by the EI of the relevant stiffener plus associated

effective width of plate do which may be calculated from

b
corn | 5.6 2 | | ,_
d, = bsbzgh 5 A et et ceeeneae. (BY)
2290 (1-v )
a
where b is the stiffener spacing

a 1is the span of the plate in the transverse

direction.

Stiffeners on opposite walls of the box but not on
adjacent wallsg at céincident sections (é.g; Fig..BlS) can
be treated by a gimilar approach.‘ The effective width of
unstiffened wall, which acts with the coﬁbined stiffener

and effective width of plate on the adjacent plate, is

240
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computed by considering the béhaviour of an infinitely
long plate with a width equal to the span Qf 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 B1l6 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 §. and hence Q. This procedure may also be used

1
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 brécing of area Ab given by
G‘t:]'_._b3 '
A, =B =2- (B10)
b 2EA ® ® ¢ v v o 0w ...l.. ...... ® ® o ® & 0 oo
b'p
where Gp, tp' Ap are the shear modulus, thickness

and middle surface area of the plate.
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For a trapezoidal diaphragm the equivalent bracing
area can be approximated by

Gt u by +hy 2 2
A, = PP 1+ | == ee... (B11)

b~ Ep (byth,)

The formulae for diaphragm and bracing stiffnesses are

summarised in Table 1.
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B3 WARPING STRESSES

Wright et al(lB)

suggest the use of Ic/4 as an
approximation to the warping pfoperty which is analogous
to the inertia of the BEF. They also give a procedure
which leads to an éxa¢t 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.

b .
B
Iy =72 Vg (quWT * bpdyp t 2¢quc) merees G(Blz)
where
Vp = %

Yp = o - 2b/by - g

wc = h/c + (bT—bB) a3/2c
b
o2 (1
B T
az = 1.0
( 9 9p )
2h *Ir‘~ —
~ B c
(X3"

T & ‘ [Pp- B] 9pe )
\BT T BB T o
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t t b c
T 3 w T
qBT-6(bT+2b) + (bT+bB
b~ t b _c
B °B Ww°B
9 T 6 T (bT+bB)
twc2
9c¢ T 12 (bT bB)
t r (l—r ) t cb
__Tw 3 w/i_w T
% = by (Prt2p) 4
e b ?  (1-x ) b t
- e w! °B
B 6 4
(l+r ) c2 t
» _ W w
e < 12

and 2

b + +
_ B t, + c(byt2b,) t
w  (b_+2b
- (Pr E} tn + c(2byby) €

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) .rB - the error in B
4Ib
T =T
8 X
(i) 'rS - the error incDW resulting from the use of

Equation 2.15 rather than Equation 2.4

s = 2(h-y)

S bgby



B4 CALCULATION OF DISTORTIONAL SHEAR STRESSES AND

DIAPHRAGM FORCES

The calculation of transverse distortional bendingv
stresses SpB and distortional warping stresses ODW,from
the deflections and moments éiven by the solution of the
analogous BEF are givén in Chapterx wa. 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
2
d’s
* = —
q, 94, gu2 - AX tvevenrcccanacann eeeee. (B13)
where d, is the relevant value of Gy’ s OF Yo

given in B3
s is the distortional warping stress at the
bottom of a web and is given by

i
_ EbBwB
S = 2

245



The total distortional shear force Qw in any plate

is given by the integration of Equation B13.

Therefore

but

where

Therefore

and

9 = ds

W qw dx

< =EbepB M =]mpBM -
2 EIb 2Ib

Therefore .

The average distortional shear stress T

ds _ blp..B_ . aM

dx 2Ib ©dx

dM is the BEF shear force QBEF

dx

Q0 = LV e (B14)
w 2Ib .......... * ® & & 9 8 5 9 & e ¢ a s e s 0

D in any plate

is then given by

where

QW

TD = HE ctrtreceeccetercnees ceeecseessssses (BL5)

b is the span of the plate.in the transverse
direction

t is the plate thickness.

246
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B4.,2 Diaphragm forces

The diaphragﬁ or bracing étiffness Q is defiﬁed as
the'magnitude of concentratédlvertical antisymmgtrical
load acting abové the bracing which would deform the
bracing to produce unit deflection W. The bracing
forces are relatéa'to-Q'in B2. If the support reaction
given b? solution oé the'analbgous BEF is R then the
forces in bracing are found by multiplication of the
expréssions for bracing forces in terms of Q by R/Q.

The cérresponding sheér.streés Tp in a.plate
diaphragm is given by

R bT

T_ = T Ceteereeaeeeaaa ceeee.. (BLG)
P hb,by) t, A



W
-y
o

. bp | T by
I | y
oy
te h
D¢
D ¢ ;
ya 8 . Fig.B1
‘ bp
l -
%8 (8
h ‘by+b
P by tbg
e bB_ c(_bn )‘
h'bysb hlbyabg’ ~

Fig.B2

Fig.B3

Fia.B4




\ bTbB _V_bT
‘ bwbg) 2
2
1 >
Mp1 by
A 2hibT+bB)
e b
bTC
h bT*bB)
bybp
2n(br+bg)
-
" bybg
D P 2h{pt+bp)
cbp
h(bT'be}
) 2
%
b
1
. bth
'MD 2hibT+bB)
ch .
h{bp+bg)
bgh

A2hlb-‘-+b5)

‘ . A
B

249

Fig.B5

Fig.B6

Fig.B7

 Fig.B8



250

™

Fig.B9

Fig.B10"

Fig.B11

Fig.B12



Fig.B13

0y ~

HB

Fig.B14

Fig.B15

251



Effective width

plate (Ins) 40

-30 -

20

10

3 4 5 6 7 8 9 10
: ' ' " Span of plate in transversa direction (ft)

Fig.B16 = Effective width of unstiffened plate acting
with transverse stiffener on an adjacent plate -

s



T

10
: _A/v =1 -
: |
///
. —1
T I
11T
10
e ' =
= Y =10 ]
T ‘
4/ | A .
/’-———"/
A=s0
——-—"’"'__——_—'
/’
. L]
0-1 ] ‘A
- all /V=100 ]
L]
//
/’/
/
% = 506
-F""__—-————
0-01 .
A .
A =1000 -
X |
A=2500
0-001
0-005 0-01 01 1.0
(¢4
Fig.B17

Simplification of B calcs. for rectangular box
. ie. =1



)

s

10

A/ v=1 //
e
//
A=03 /60
Mo=s
/,‘ P -
/ /
.-—4———-—!——/
Me=10 ]
/
10 /‘ A
L P
b1
"
,//
- .
1 :
=t Ny =50 |
//
/ M=100
1
// |t
"’/
Lawq
.//
01
f"/y =500 |
Ay =1000 |
0-01 ‘
My =2500. ]
0-001
0-005 001 01 1.0
. . (o ¢
Fig.B18 Simplification of B calcs.for 60° trapezoidal box

when A=0-3



100
(')
A/v :1/.’4
]
/
© . 1/
A
i /V =5
// ‘/‘
/ /
ol L1
] 7 M =10
ot 1 Lt
Lo
/ //
/ /
/
// -
»
P
/
pad
P - ]
1 e =50
e sal
//—/
ol A4 =100 -
|
el
/
01 A/v =500 |
-
4 =1000
e =2500 7
0-01 -
0.005 0.01 01 1-0
o
Fig.Bi2 Simplification of B calcs. for 60" trapezoidal box

when A=0.5

N

1831



1000
A=1 |
—
| et
\  A=08 /50 ‘//
P
/‘/
- A
/ A/V:s
—
100 — ]
yd (/ r A/v =1d —
/ 7
P A
3 P / __ —
o // .
/,
d
v
____J P =50
/,/
10 =1
M =100 ]
- S
Ay =500
1 o
/v =1000
Ay =2500
01
0-005 0-01 04 1.0
X

Fig.B20 . Simplification of B calcs.for 60" trapezoidal box
when A=0-8,



APPENDIX C. SETTING OUT DETAILS FOR BIFURCATED ELEVATED

Cl.

(1)
(2)
(3)
(4)

(5)

(6)

(7)

(8)

(9)

HIGHWAY MODEL 4 AND LOCATION OF INSTRUMENTATION

SECTIONS ON THE MODELS

SETTING OUT DETAILS FOR MODEL 4

Arcs BF, FG, GJ, JK and KC. are equal

2
Diaphragm lines FF', GG', JJ' and KK' are radial
Web 1 has constant centre line radius of 1220.5 mm

Web 6 has radius of 1500.5 from BB' to curve reversal

.line RR' and then a reverse curve of 1541.5 mm radius

Web 2 ﬁas raaius‘of-i276.5 mm from BB' to GG' at (i)
and radius of 1288.5 mm from (ii) to C2C2'. (i) to
(ii) is a straight

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 straiéht

Web 3A (radius 1424.5 mm) and Web 4A (reverse radius
1679.5 mm) meet at (v)

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 éurves

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 cC.C,'.

171

(xiii) to (xiv) is a straight.



cz2,

c2.1

(i)

(i)

(iii)

(iv)

(v)

(vi)

c2.2

(1)
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LOCATION OF INSTRUMENTATION SECTIONS.

Model 1 (Figure 117)

Instrumentation Sections 0-0, 3-3, 9-9, 1li-11, 13-13
and 15-15 are on the centre lines of support diaphragms
Instrumentation Séctions 2-2, 1lo-10 ana 14-14 aré at
midspan of the outer spans

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)
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

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
Instrumentation Section 7-7 is radial to both curves

from the inside of the bifurcation radius.

Model 2 (Figure 129).

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)

(iii)

(iv)

(v)

c2.3

(1)

(ii)

(iidi)

(iv)

Instrumentation Sections 2-2, 9-9-and 13-13 are at
midspan of the outer spans

Instrumentation Sections 4-4, 7-7 and 11-11 are 4.5 mm
from the faces of the éupport diaphragms
Instrumentation Section 5-5 is on éhe curve reversal
line

Instrumentation Section 6-6 is radial to both curves

from the inside of the bifurcation radius

Model 4 (Figure 139)

All Instrumentation Sections except 2-2, 6-6 and 11-11
are on diaphragm lines

Instrumentation Section 2-2 is at the quarter point
of Span A-B

Instrument;tion Section 6-6 is radial midway between
diaphragms to Web 3A and then radial to the reverse
curve |
Instrumentation Section 11-11 is at midsﬁan of Span

C2D.
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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, BL, 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 féllowing simple solution for peak
stresses exists:

(a) For uniformly distr ibuted loads

oo lwrn¥
pw 2
B .Ix
; _ PUDL'FD
DB 2
(b) For knife edge loads | T TP (D1)

. _ PKE.y

DW B .Ix
. _ PKE.FD.B

DB 2

(c) For one axle of HB loading



N
[9)]
N

PHB.y
0‘ —
DW BT,
e e i ae et io e e (D1)
_ P -Fp-B
B 2

The effects of the four axles of the HB vehicle are

‘obtained by the summationg
gDW(total) =~ pw Z(CBX)

GDB(total) ~9pB Z(ABX)

where ’ st teeneaea.. (D2)

ABX = 8B%(cospx + sin 3x)

c = aBX

8% (cosBx - sin Bx)

—

X is the longitudinal distance of the axle

from midspan.

If GDB are unacceptable they may be reduced by

diaphragming or by the gedesign of transverse stiffening,
and if Oy 2Tre unacceptable they may be reduced by dia-
phragming or by increasing the flange areas. Reduction
factors which depend upon diaphragm spacing, gLD, may

" be appiied to the upper bound values of g and.cDW
given by Equations D1 and D2 when internal diaphragms

are provided.

If RW and RB are the desired fractions of the wvalues

he]
[} )



of c%w>and ODB with no diaphragming then the diaphragm

spacings necessary to achieve these reductions are given
by:

(a) For knife edge, HB and point loads

—

N 0.35
2 &)

' T 7Tg

(b) For uniformly distributed loads Leeeeeeees (D3)

2 YRy
Ip =778
2.2(RB)0'27
L = -—7;———

i.e. © =R . :
*-€: “Dw desired Rw Dpw with no diaphragms.

Equations D3 are derived from the dimensionless

curves given by Wright et al(13)

(14)

for concentrated loads

and Billington for uniformly distributed loads and

reproduced in Figures D1 to D8. Provided the diaphragms\
have a dimensionless stiffness g (see curves) such that
the dimensionless BEF moment, m, or deflection, w, is
the minimum for a given value'of BL, then Equations D3
represent thé sloping straight line of the curveé. In

" other words, the effective diaphragm rigidity is infinite

and Table 18 gives the minimum diaphragm stiffness fox
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N
2N

given values of BL to achieve this. Expressions for g

for various types of Aiaphragming are given in Table 1.
Diaphragms are then designed to take the full distortional
loading. For plateAdiaphraéms ghe shear stress’rD is

given by:

For cross bracing with the compression brace fully

effective, the force FB in each brace is given by:

\[ +(bT+bB)
2h

FB = ( b ) B = .... (D5)
21 5T
l'hg—
B
where . P = antisymmetrical distortional load acting

above one web

D

depth of box

tp = thickness of plate diaphragm.



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 D1l but Eéuations Dl and D3 are
combined to allow for the influence of diaphragms
directly as it was felt that it was often necesséry to
space internal diaphragms for considerations other than
that of controlling distortion.

The combination of Eguations D1 and D3 leads to
the following maxima fof %ow and 0.

DB
(1) For a uniformly distributed applied torque T

UDL
per unit length of span _
- 2
Toor ¥ Ip
UDL
= . <
o = AT  for BL < 1.6
T "x
- 2
Toor, ¥ Ip
UDL
a =.0.6 for BL_ > 1.6
DW (BLD)Z b, I D
— (D6)
T F
UDL D : ’
= —_—— . £ L
B - b % or 8 p > 2-65
T
A P $) 3.7
i) A N > . for BL_ g 2.65
DB~ 2 b, Z \2.2 D

(ii) For a single applied torque T due to axle or knife

edge loading applied midway between diaphragms
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T Y I —_
_ < 1.
O T for BLD 1.0
T Tx
T g L
a. = for BL_. > 1.0
oW BL ) I D, D
‘ -(D7)
TR (BL )
D D
= for BL > 2
%B 2b, L, 2 D
T F
D 3,9
g _ = (BL) "7 for BL_< 2
DB T 15.5b, I, Z | D )

The design rules incorporate the curves provided
for the simplificatibn of the B calculation described in
Appendix B. Also the summation facto?s for the HB
vehicle used in Equation D2 are plotted for the range
of B over which there is interaction between the effects
of adjacent‘axles (see Figure 289).

The rules.aé 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.

26



Dimensionless
panel length
Bl

10
P
[\
& \ l/
w |
[re]
I/
//
- 1
7
o
i A
—T /
— l/ 4 '
] ] / /
04 B
0:01 01 1

Fig.D1
Reproduced from Ref.13

Dimensionless central deflection w, and moment me

L9C



Dimensionless panel length Bl

041
0-001

10

v /
%
d
W
ARy
N [
> 7/
1 A [/
— | v [
i 4 / /
— / {
| 4.10000 q=1000 q=100 q=10 g=t
0.01 01 1
Dimensionless central defiection Wes EE%PESW

89¢

A4
[4



Biraznsionless 1g
paneéllength

P S
——-0
~]
=

% Q= qkl

> | | A/

/] |

/ q=1000 q=100 Gai0 qs=1

04 v
0-01 04 1

. l — &E
Fig.D3 D mepslpn|ess central moment mg 3 B

Reproduced from Ref.13

69¢



Dimension

less
panel length 10
B

T
L

% Q=qki

0-1

01

10

Dimensionless support reaction r=




Dimensionless
panel fength
§1]

100
g f 3"‘0
A ' 7
We
10 3

1

\
N \

\J>
'\\
M
N
g 7
wc /
4~
1 — el
//
)
P‘/
P ‘V/ A
//
Pa
04 A
0-001 0-01 o1 1 10
Dimensionless central deflection we and moment me
Fig.D5 .

Reproduced from Ref.14

TLC



g

R e e T

%Q:qkl

Q=100

Y

e @ e e Pt St i et S hs et Smte Saane wrsns

IR RERRARE

b

B e e e kSRS PR

10

Dimensioni2ss
panel length
BLp

1
~3
X

10
A

—5

8Eiy8

Dimensioniess centrai deflaction wg=

01

0-01

Fig.D6 Reproduced from Ref.14

041



"y
[=]

273 .

Dimensioniess panel length 8l

M . TN s
FQHTHHIH\HHH{ \ \Q\
K Q=qkl \ ) \\
/
q=1 a0,/
V/ Q=™
7 N
AT 7 I
/ |
///, / /
a:=0 ] // // /
e 2 /

P .
L~ -
q=10 ~ ///
-~ -~
-~ P
< -
- L
e
»T -
P
Pa
/”
q=1 ”
/”
”
/"/
; Dimensionless central moment mc=‘9-3 M
Fig.D7

Reproduced from Ref.i3



274

Dimensioniess panel length 81

10

27

g9
SEEREREREERRERE
| %Q:qkl
R
q=10 Aa:oo
(g
10

Dimensionless support reaction rzf%‘

Fig.D8
Reproduced from Ref.14



]

- Diaphragm type

Q q
Plate d}aphragm Gt L 2s 2
(spacing 1) b P b
2 512 ,
~ B P G t I, °812
h NP Gp 3 p p b b
~N G t L 22 1 6§
+ A - b po - 1
b 2E A
Area Of X-sect = Ap PP
C b :
ross rac1ng EbAb(fg)z
L §
A b \°1
b
Pt . Op?
B . 2n. E A L1 54
- P 3
Gpr
K bracing brac1n
3 1'b s, a="7
2L, B/ 1
2 b
Ly o /{; Q
2
Inverted
Eyhphly [ Po\6y, 08,
3 1'b S, qQ="7
2Lb B/ 1
2
2
Ring Stiffener 1 .
§
1
_ 1w’
.|.
] 4Gph(bT bB) -84
b
T
1 2(1-**—-}) )5
where § = = 5 _ s/ %1
1 K =
b _+b
1+( L B
2h

Table

Diaphragm formulae
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SECTION

A

B

D

t

t

t

NUMBER metres metres metres metres ' m; mﬁ mi
(feet) (feet) (feet) (feet) (inches) (inches) (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 (4%) 600 (24)
5 3.6 (12) 3.6 (12) 9 (30) 1.8 (6) 13 (%) 25 (1) 13 (%)
6 5.4 (18) 5.4 (18) 9 (30) 1.8 (6) 13 (%) 16 (%) 13 (%)
7 7.2 (24) | 7.2 (24) 9 (30) 1.8 (6) 13 (%) 11 (7/16) 13 (%)
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 (%) | 16 (%) 13 (%)
12 5.4 (18) 4.05 (13.5) 5.4 (18) 1.8 (6) 13 (%) 21 (5/6) 13 (%)
*13 5.4 (18) 2.7 (9) 5.4 (18) 1.8 (6) 13 (%) 32 (1%) 13 (%)
‘Table 2. Centreline dimensions and wall thicknesses

of examples used in 2.5.
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SECTION NUMBER 5 6 and 11 7 12 13 6A
Thickness % in % in 3 in % in 3k in % in
TOP t
Longitudinal 8 in x % in 8 in x % in 8 in x % in 8 in x % in 8 in X % in 8 in x % in
. . flats flats flats flats flats flats
FLANGE tiff . .
Al stitiening @ 12 inc/c | ® 12 in¢/c | @ 12 in¢/C | @ 12 in¢/c | @ 12 in ¢/c | @ 12 in c/c
Transverse. |15 in x % in |24 in x % in |28 in x % in |24 in x % in |24 in x % in |24 in x % in
, . web web web web web web
PLATE stiffening 6inxksin| 6inx%in | 6inx % in | 6 inx % in | 6 inx % in | 6 in x % in
flange flange flange flange flange flange
@6 ft c/c{ @ 6 ft c/c @ 6 ft c¢/c @ 6 ft c/c ‘@ 6 ft c/c ® 6 ft c/c
BOTTOM Thickness 1 in 5% in 7/16 in 5/6 in 1% in 5% in
Longitudinal 5 in x % in 5 inx % in [5% in x % in 8 inx % in 8 in x % in 5 in x % in
. . flats flats flats flats flats flats
FLANGE stiffening @2ftc/c| @2ftc/c| @2 ftc/c| @2 ftc/c| @2 Fftc/c| @ 2 ft c/c
Transverse 10 inx % in |12 in x % in |12 in x % in {10 in x % in 8 in x % in |12 in x % in
PLATE stiffening flats flats flats - flats flats ; flats
@12 ft ¢/c | @12 ft ¢/c | @ 12 ft c¢/c | @ 12 ft c/c | @ 12 ft c/c ® 6 ft c/c
- ;’ .
WEB Franareree
N All % in plate with 4 in x % in flats transverse at 6 ft c/c ransver
PIATE stiffeners as
bottom flange

f%ble 3.

Details of stiffening used in the

steel bridge examples of 2.5

LLT
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Bridge Name DoE ref Type
No.
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
16 Blakelow Lane Bridge 14/3 Rectangular
17 Foxcover Lane Overbridge 14/11 Twin rectangular boxes
18 South Moor Agéom.Bridge 14/15 Trapezoidal
19. Hylton Bridge 14/23 Twin rectangular boxes
20 Wrey Bridge 15/1 Trapezoidal multibox .
21 Monk$ 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 Gioucester‘ Trapezoidal

-

Table 4. List of practicalvbridge examples

referred to in 2.5




(See Table 3 for list of bridge numbers)

Bridge| Bl BL I /41 r v bB _c Dyp _ DYC AN
Mo span | panel < b S ' Y =5 A=y ¢ =p_ V S
T T YT 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 " 1.29 . 0401 . 207 5.23
i3 3.74 0.93 1.23 0.95 1.00 0.241 . 924 .453 .0120 .00181 250.
i2 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 .0004501]1438.
23 3.27 - 1.25 0.94 0.91 0.213 .843 . 243 .0523 .0233 10.4
25 7.02 - 0.77 1.07 0.75 0.225 1 .783 .01l14 .00620 126.
Table 5. Table of parameters for practical boxes of 2.5 )
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Member Bending Torsional Shear
Type Rigidity Rigidity Rigidity
(ET) (GJ) (Ga)

Kip. ins Kip. ins Kip. ins
N 10 9 | 6
Longitudinal 1.278 x 10 7.190 x 10 1.246 x 10
Transverse box 1.0 x lOlO, 1.0 x lOlO 2 x 106
Transverse slab 6.221 x 10’ 1.037 x 10° " 1.440 x 10°

Table 6. Twin box example of Chapter 3.

Member properties for initial grid

analysis with the full torsional

stiffness.

8¢
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Loadedrbox

Description of Unloaded box
analysis ‘
Sp Smdp 67 (GRID) S Sptdp Sm (GRID)
(in) (in) (in) (in) (in) (in)
Finite element . 7056 x 10 .1599 x 10 - .1610 x 10 .1147 x 10 -
. -2 -2 -3 =2 -2 -3
Grid - BEF .4788 x 10 L4253 x 10 .2240 x 10 .3966 x 10 1.2485 x 10 .1241 x 10
(full cJ)
Grid - BEF _é , -2 -2 -2 -2 -2
' .7074 x 10 .1598 x 10 .1646 x 10 .1681 x 10 .1256 x 10 .1127 x 10
(GT/19 for both boxes)
Grid - BEF ; .
(GJ/18.45 for loaded box .7102 x 1072 | .1652 x 1072 |.1651 x 1072 |.1653 x 1072 |.1157 x 1072 |.1148 x 1072

GJ/21.18 for unloaded box)

Table 7.

Twin box example of Chapter 3

Deflections in inches (8= bending deflection,

§ = torsional deflection, §

T
é
T (GRID)

D

= torsional deflection from grid analysis).

= distortional deflection,

I8¢
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[00]

Material E(lb/inz) "t (in) v
Steel 28 x 106 0.02476 0.3
Araldite and sand 2.38 x lO6 0.299 0.227
Equivalent composite 3.95 % lO6 0.356 0.261
plate
Table 8. Merstham‘Interchange Model
Table of material properties
Member Bending Torsional Shear
Type Rigidity Rigidity Rigidity
(EI) (GJ) (Ga)
Kip. ins Kip. ins . Kip. ins
Longitudinal 6225.5 4400.8 '4598.5
Transverse box 10000 1000 10000
Transverse sglab 30.75 23.41 1663.8

- Table 9,

Merstham Interchange Model

"Member properties for initial

grid analysis with the full

torsional stiffness.

28



Young's Modulus Poisson's ratio
Model No of

No test 2 2

. specimens N/mam 1b/in + +
4 6 : :

1 4 1.72 x 10 2.5 x 10 5% .26 4%
2 7 1.63 x 107 2.37 x 10° e | .25 4%
4 2 1.67 x 10 | 2.43 % 10° 4% .25 4%

3

Table 10. Elastic properties of Araldite and sand

material used for the Bifurcated Elevated

Highwayvs models

€8¢
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Birmingham Thickness
Gauge No
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 areAthe nearest Birminghaﬁ gauges
to those used. Where thicknessés are
not exact Birmingham gauge the correct

thicknesses. are given on the diagrams.

26
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Young's Modulus

Poisgson's ratio

Model No of
No test 2 5
. N/mm lb/in + +
specimens - -
5 a 6
4 2 2.01 x 10 29,2 % 10 2% 0.3 - 2%

Table 12.

\

Bifurcated Elevated Highways - Model 4

Elastic properties of steel.

G8¢
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. Total ILoad
Load . Span Lane ’ .
case N 1b
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 417.0 93;7
11 __C2D 430.8 96.8
12 C2D 3A 441 .4 99.2
13 ClE 3B 435,2 97.8
14 ClE 4 424.1 95.3
Table 13. Bifurcated Elevated Highways Models

Lane loading intensities.

2E



Load Type of Model | Span | Lane | Total Load Figure
case load
N 1b
15 HB 1 AB 1 721 162 32a
16 " 2 AB 1 " " -32b
17 " l AB 2 "n 1] 33a
18 " 3,4 AB 2 " " 33b
19 " 1 AB 3 " " 34
20 " 1 AB 4 " " 35
21 " 1 BC 1 " " 36a
22 v 2 BC 1 " " 36b
23 " 1 " BC 2 " " 37
24 " 2 BC 2/3 " " 38a
25 " 3 BC 2/3 " " 38b
26 " 4 BC 2/3 " " 38c
27 " 2 BC 3a " " 384
28 " 1l BC 3B " " 39
29 " 1 BC 4 " " 40a
30 " 2 BC 4 " " 40b
31 " 1 CoD 1 " " 4la
32 " 3.4 C2D 1 " " 41b
33 u l C2D 2 1] n 42
34 " 1 C2D 3a " " 43a
35 " 2 CaoD 3a " " 43b
36 " 1 C1E 3B " " 44a
37 " 2,4 C1E 3B " " 44b
38 " 1. CiE 4 " " 45
46-49 | Knife edge 1 BC - 225.5 50 47
50-53 " " 2 BC - " " 48
54-59 | Point load 1 BC - " " 52
60-63 " " 2 BC - " " 53
64_67 [1] n 3 BC - [ 1] 1] 54
68-71 " " 4 BC - " " 55
72 HB 3 BC 1 721 162 36¢
73 " 4 BC 1 " " 36d
74 " 3 BC 3A " " 38e
75 " 4 BC 3A " " 38f
76 " 3 BC 4 " " 40c
77 " 4 BC 4 . " 404
78-81 [Knife edge 3 BC - 222.5 50 49
82_85 n 114 4 . BC — n 1n 50
86-87 | Settlement 2 - - - - 56
88-89 " 4 - - - - 57

Table 14.

Bifurcated Elevated Highwavs Models

Table of loading cases other than

Lane Loadings.
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~

Span No. of Load % of total % of total | % of load in 0../%5 OW/OB
internal case load carried load carried loaded box for loaded for adjacent

diaphragms : by loaded by adjacent carried by box ‘ box

- box box adjacent (%) (%)

box

C,D o) 10 89.5 . 10.5 11.7 106.6 : 334.9
12 76.8 23.2 30.2 0.3 97.4
1 AB 1 1 62.5 . 23.4 37.4 65.6 122.4
62.9 - 28.3 45.0 5.7 94.3
C.E 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 " 29.1
| 9 53.1 31.9 60.1 27.9 : 39.1

Table 15. Bifurcated Elevated Highways — Model 4
Effect of number of internal diavhragms on

load distribution and warping stresses.

) : . } I
- : o - . : , 22
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: Model | Model | Model Model
QUANTITY 1 2 4 4
' steel slab
U.D. Lane loading tests
(i) Moment at midspan AB due
to L/Cl , 40858 1 37839 | 34969 -
(ii) Max. longitudinal- stress A
(main stress gauges) 1.735{ 1.581 { 32.185{ 1.701
(1ii) Max. longitudinal stress
(secondary stress gauges)| 1.749 | 1.656 | 32.185| 1.701
(iv) Max. longitudinal stress :
in Span BC , 1.749 | 1.244 | 12.966 | 1.235
(v) Max, principal stress at
location of (iii) 1.749 | 1.264 | 12.981 -
(vi) % increase in longi- '
tudinal stress due to
secondary warping in
Span AB , 17.8 19 - -
(vii) Max. . due to L/C1l 1.208 | 1.421 | 17.696 -
(viii) Max. %R due to L/C4 0.864 | 0.970 | 9.483 -
(ix) Max. GDB overall 1.208 | 1.558 | 46.384 -
(x) Max. L. in Span BC 0.869 | 1.151 | 5.472 -
(xi) Max. slab transverse
bending stress 1.463 | 0.741 - 6.836
HB loading tests
(xii) Max. longitudinal stress 3.967 | 6.172 | 90.0 8.860
(xiii) Max. . 3.526 | 6.452 {135.0 -
(xiv) Max. S, in Span BC 1.389 | 4.359 [ 20.31 -
(xv) Max. slab transverse
bending stress 2.504 | 6.452 - 12.260
(xvi) Max. longitudinal stress ' .
in Span BC 3.806 | 3.897 | 37.180 | 3.973
(xvii) Max. principal stress at - '
location of (xvi) 3.835 | 3.899 | 37.490 -

-~ continued -
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Model | Model | Model Model
1 2 4 4
QUANTITY steel slab
Knife edge loading tests
(xix) Max. longitudinal stress 1.898 } 2.566 | 14.980 | 3.579
(xx) Max. SN 2.078 { 2.374 | 11.290 -
Point loading tests
(xxi) Max. longitudinal stress 3.024 | 6.429 { 12.790 | 4.645
(xxii) Max. ¢ 4.311 | 8.221 { 15.310 -

DB

Table 16. Comparison of maximum stresses in the

bifurcated elevated highways models




FIRST | LAST INCREMENT FLEXURAL ~ BREDT EFFECTIVE R R R
BEAM | BEAM RIGIDITY TORSIONAL SHEAR (EQN 3.21) (EQN 3.1) (EQN 3.1)
(KN-MM?) RIGIDITY RIGIDITY FOR FULL FOR
(KN-MM2) (XN) GJ | GJ (RED)
ANALYSIS 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 -~
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FIRST

LAST

INCREMENT FLEXURAL BREDT EFFECTIVE R R R
BEAM | BEAM S RIGIDITY . TORSIONAL SHEAR (EQN 3.21) (EQN 3.1) (EQN 3.1)
(KN-MM2) RIGIDITY RIGIDITY FOR FULL FOR
(RN-MM? ) (KN) eh) GJ (RED)
ANALYSIS 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 .1149E+11 .8246E+10 .1238E+08 46.9 36.8 62.1
78 87 1 . 4450E+09 .1100E+08 .1336E+07- - - -
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

Y4
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DIAPHRAGM STIFFNESS g
BLD '
fOI(IDW for w for ObB for Opg
(point load) “(udl) (point load) (udl)
3 * * 1 1
-2 * * 5 20
1 10 100 50 500
.B 50 200 100 1000
.5 500 200 1000 10000
.3 2000 200 710000 20000
Table 18:

Minimum diaphragm stiffness for

spacing B%D

* Diaphragms do not reduce stresses

at midpanel for sLD > 1.6
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Undeformed state

/

———

Stage1:Shearing of individual plates

Stage 2: Twisting of plates

"Stage 3:In-plane body rotations of plates
to obtain compatabilily at box corners

Fig.2 Torsion of a rectangular box



N
D
(%)

Fig.3

Cross,-sectional distribution of restrained warping stresses
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Distortional component from Figure.1

P P
2v2 2v2
7
’ P ) P
2v2 2v2

Distortional component resolved at Box corners

.

Fig.4
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3 Antisymmetrical load
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stress from transverse bending

Ops

Deformation of cross section

s -

Warping stress pattern
Opw

Fig.5 " Effects of deformation of the cross section
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Fig.6b Symmetrical and antisymmetrical components of horizontal loading
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Fig.7 Analogy between Box Girder and B.E.R
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Fig.8 Dimensions of Example 2
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RESULTS
Finite

BEF Element

e e e m
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Opg-
o-ref
Fig.11 Longitudinal distribution of Oppg for central concentrated load

on Example 2, showing comparison of BEF and FE results
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Fig.12

RESULTS
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BEF Element
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Longitudinal distribution of Opw for central concentrated load

on Exampie 2, showing comparison of BEF and FE results
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RESULTS
Finite
BEF Element
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o8
Oret
Fig.13 Longitudinal distribution of Oppg for uniformly distributed load

on Example 2, showing comparison of BEF and FE results
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Fig.i4 Longitudinal distribution of Opyy for uniformiy distributed load

on Example 2 ,showing comparison of BEF and FE results
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Details of internal ring stiffeners of Test Box7
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T = Test result

Stresses in Tons/in2

67

Section E Opg plates oaer

0-33
0767

0.78
1127

Fig.i8

0.78

0.78

0.33
0.48T

Section B Oppg plates

’

B.E.F and model test results for Box7
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41T T = Test rasult
2 Stresses in Tons/in2

U179
\ \1-87
2-55T 1.87 .
y
2917
3.07T
T
1-87\ K ' 1.87
: &1 £ -
SectionE Opp stiffeners 75 \
25T
1097
0.834
o _ 0834
v 148T
0.866 : . ~h— 0.856
0.74T

0866
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)
\\ .
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Section B Opg stiffeners

. Fig.19- B.E.F and model test resuits for Box7
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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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Dimensions of curved box model
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Fig.23 Curved box model
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Tied to
Strong Floor

Fig.24 Loading and support arrangement for curved box model
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Fig.26 Curved box model;cross - sectional distribution of Opg/Opg at midspan due to the symmetrical component

of central point loading
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Fig.27 Curved box model;cross— sectional distribution of Opg/Op at midspan due to antisymmetrical component 0
; of central point loading _ N



Fig.28

Curved box model ; cross - sectional distribution of Opg/ Op at midspan for antisymmetrical component
of load applied to the equivalent stralght bridge (F E results)
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Fig.29
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Curved box model;cross-sectional distribution of O / Op at midspan due to the symmetrical component

of central point loading
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Fig.30 Curved box model;cross-sectional distribution of O / Cp at midspan due to the antisymmetrical component

of central point loading
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Fig.32 Variation of midspan distortional stresses for Section1 under a fixed load distributed over an increasing length.

(The stresses are non-dimensionalised with the central bending stress for the relevant loaded length)

pa

LeE



a.
O 2.0 e —] 10 Wg
Mps, N
Mg
1-5 075
1.0 N /0-5
_ MpB
] \ / |
0.5 ‘ AN 0-25
\/
/ - - \\\
%0.01 002 . 005 01 02 05 1 2 5 10 12

Wall thickness t inches

Fig.33 Variation of peak transverse distortional bending stress, distortional warping stress, distortional deflection, and transverse
distortional moment with wall thickness for a 6ft x 6{t box girder under a central point load ’
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Fig.34 Variation of maximum transverse distortional moment and the corresponding transverse distortional stresses as the
distortional stiffness of the section is increased while the warping stiffness is kept constant for a 6ft x 6ft box
with 2 in plates under a central point load
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MERSTHAM INTERCHANGE MODEL

N\

l

8 9 10 1 12 13 1 5 16 17 18 19 20
Diaphragm layout 1 —undiaphragmed model

8 9 10 1 2 13 14 15 1B 17 18 19

Diaphragm layout 2—internal bracing at Sections 10 and 18

20

Diaphragm layout 3 — internél bracing at Sections 12 and 16

~

Fig.85a Diaphragm layouts 1—3

8 9 10 1 12 18 14 15 16 7 18 19

20

Lo%]

T



387

MERSTHAM INTERCHANGE MODEL

|

8 9 0 1 12 18 1 1B % 7 18 19 20

Diaphragm layout 4 — interhal bracing at Sections 13 and 15

‘

8 9 10 M 2 B8 ¥ 15 1 17 18 19 20

Diaphragm layout 5 —bracing in and between boxes at Sections 10 and 18

8 9 10 1" 2 13 14 1% 16 ¥ 18 19 20

Diaphragm layout & — fully diaphragmed mode}

Fig.85b Diaphragm layouts 4—6 .
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Load case 4
Support type A
. 1 .
- Q (] L] -]
Q -] L] [}
)
7 8 9 10 1 12 13 14 15 16 17 18 19 20 2
" Load case 5 .
Support type B
P Y iﬁ
] -3 e o _
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45-4"
Fig.86 Equivalent right bridge structures showing loading positions 4. and 5 and alternative support

arrangements. The Section numbers have been chosen to coincide with those of the skew structure.
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Transverse

slab stress
(psil)

Maximum transverse
slab stress
For Loadcase 1

For Loadcase 2
For Loadcase 3
At C/S 10

1500+

1000
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5

Diaphragm Layout Number

Fig.87 Summary of maximum transverse slab stresses for Diaphragm layouts 1—5
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Maximum transverse distortional bending stresses Oppg {p.5.i.}
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Fig.88

MERSTHAM INTERCHANGE MODEL

Loadcase 1
Loadcase 2
Loadcase 3

q
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4 5
Diaphragm Layout Number

Summary of maximum transverse distortional stresses Oppgin loaded box for Diaphragm layout 1—5
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12000

Loadcase 1

toadcase 2

——= +——— Loadcase 3

10000

8000}

Maximum transverse distortional bending stresses Opg (p;s.i.)
for unloaded box (i.e.right hand box in section drawings)

6000 T~

4000 ]

2000

1 2 3 4 5
Diaphragm Layout Number

Fig.89 Summary of maximum transverse distortional stresses Opg in unloaded box for Diaphragm layouts 1-5
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Right bridge structure - transverse flexural stresses for Load case 4
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Right bridge structure ~ transverse flexural stresses for Load Case 5
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Curve reversal point

36

Fig.92 Full scale plan dimensions
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Fig.93 General view of support and deflection rig with Model 2 in position
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.94

*

Carriageway radii {Dimensions in millimeters)
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Fig.95 Positions of lane loading cases 1to 14
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Fig.96 Dimensions of HB vehicle
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BIFURCATED ELEVATED HIGHWAYS MODELS

-

Load Case 49
———

Load. Case 48

’ Load Casé
47
Ny 46
B .
A 8
/ Instrumentation
) Section 6-6
| . : 'll

A

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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Instrumentation
Section 6-6

Fig.101 Knife edge Load cases 50-53 on Mode!l 2~ Knife edge on
Instrumentation Section 6-6 in Lanes 1,3a,3b and 4

€0y
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B
- - 83
B : Load
. Case
2
A o 8
¢ RN
’ . : Instrumentation
’ | Section 6-6 Co

Fig102 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

Point Load cases 54-59 on Model 1.

Loads are applied at Instrumentation
Section 6-6 above the web centre lines

' (54,55,67 and 59) or midway between
web centre lines (55 and 58).
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Instrumentation
Section 6-6

Point Load cases 60-63 on Model 2.

Load Cases 60,61and 63 are above
the centre lines of the box cells.

Fig.104

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

s
o
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Support settlement cases 86 and 87 for Model 2

Fig.106

408
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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
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.109 Spine beam model - layout plan
Dimensions in millimetres,.R=inside radius
Support diaphragm thickness =36 mm
internal diaphragm thickness = 9mm
Spans, deck dimensions and pier positions as in Fig. 119

v
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Is-o
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{9-0
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By s B
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249-0
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Fig.110

F-F

Spine beam model - Cross Sections F~F and G-G (Dimensions in millimeters)
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JG"O

R

60.0

o 63.0 9.0, L 81.0 9.0, 81.0 0

69.0

321.0

Fig111 Spine beam model - Cross Section H-H (Dimensions in millimetres)
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BIFURCATED ELEVATED HIGHWAYS MODELS

Fillet change
point .
Curve reversal
| / point A
- )
' ) / ' . .
ty =6.0 1
]
/ fb =45 ,
. Straigh -
t ! d tt_6-0 tb= 75 T
/ Qt =60 / : 7 /‘
th=4.5 / s"aiqht t=re
: :*:_:;'g‘ =75 <
! : b= A Top Flang2 Radius = 25-4
: /
F ' [/ t=15
G t,=9-0
_H
s
J /
Fig.112 Spine- beam model - plan of bifurcated span ’

Radli are as given in Fig.
ty = top flange thickness, t, = bottom flange thickness

Dimensions in millimetres

The top flange thickness at the bifurcation variss radially

from 4-5mm at the edge to 7-5 mm midway between the two boxes

Chords.BF, FG, GH, HJ and JC, are equal ) I
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Fig.113 Model 1 - underside of instrumented top flange casting
BIFURCATED ELEVATED HIGHWAYS MODELS
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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.

BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.15 Model 1 during assembly
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.116 Model 1 during assembly, showing bifurcation
BIFURCATED ELEVATED HIGHWAYS MODELS



BIFURCATED ELEVATED HIGHWAYS MODELS , 11

-Fig1i7 Model 1 - positions of instrumentation sections /‘
. Dimgnsions 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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Fig119  Muliiceliular model- layout pian (Dimensions in millimetres,
" LR.= inside radius). Support diaphragm thickness=36mm
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14-5
L
/ N\ N N N7 N\ N( N\
54
_ 30 |
. / N\ AN [0 J _/ C;Ls-o Y AN /
%.5 31:5 31.5 1.5 L 315 315 a5 315 31.5 2.0
4.5 4.5 2910 4.5 4.5
Fig121 Multicellular model - Cross Section J-J (Dimensions in millimetres)

XA



Fig122

BlFURCATED ELEVATED HIGHWAYS MODELS

Multicellular model - plan of bifurcated span.
Radii are as given in Figure.119

Curva reversal
point

Fo 7 ¥
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Fig.123 Multicellular model - bottom flange mould at bifurcatior
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.124 Casting muiticeliular model
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.125 Casting multicellular model
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.126 Multicellular model - underside of top flange casting
BIFURCATED ELEVATED HIGHWAYS MODELS



Fig.127 Model 2 during assembly
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.128 Model 2 from underside at bifurcation, showing Instrumentation at Section 6-6
BIFURCATED ELEVATED HIGHWAYS MODELS
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1 75 | |
I
_ N\ 5N NN Y ' : / 1 =, '\l
—+-ﬁ L-—Q 1 f—¢ Q b b +~|+U Q--é—T ﬂ Q T—#-éj T—¢’-+—
000G poowin_ oy g g g
T 1t t 11t Tt ~t1 T T Tttt t T 17

Fig130 Modél 2 - Typical layout of'strainl gauges at midspan section
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Fig.131 Composite box girder model -~ layout plan )
Dimensions in millimetres, R = web centreline radius. 058 A ’)\f’\( \
D

w

The broken lines show the limits of the pier sections

where flange plate thicknesses or widths change.

The centreline arc lengths from the pler sections to : ﬂ
the broken lines are 140mm in Span BC and 100 mm . _‘

in the outer spans. Spans, deck dimensions and

pier positions as in Fig.119
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20-5

56

56

56

56

56

20-5

Section Q—Q

24.5

68

68

68

205

* Fig132

Section R-R

205

46

46

18-5

Section $-S

Composite box girder model— Sections ,Q-Q,R-R,S-S
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BIFURCATED ELEVATED HIGHWAYS MODELS

-508 I

-508

Composite box girder model - details of boxes and table of flange plate sizes

40

LOCATION A T
Pier A 13 56 622
Pier B 13 56 ‘622
Pier C4 13 46 511
Pier E 1" 46 511

Pier CoD 16 68 <755
Span AB 13 56 ° .254
Span BC4 13 56—+ 46 .381
Span BC, 13 56 — 68 | -381
SpanCyD " 46 -254
Span C;D 16 68 254

435
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i ' Curve reversal
/ line
Web 4 .
. /’. —
] ix L Chord =239mm :‘j,cj__—-—
Web 2 / ]
i Web5
l Web 4
Web 4a
—“ET'—
Composite box girder model - plan of bifurcated span
(Setting out details are given in Appendix C)
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Fig135

Underside of Model 4 during fabrication before fixing bottom flange plates
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.136 Underside of Pier Section B-B showing bottom flange stiffening
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig137 Underside of Model 4 during fabrication showing diaphragming at bifurcation
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig.138 Underside of Model 4 with flange plates laid in position
BIFURCATED ELEVATED HIGHWAYS MODELS
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Fig139 Model 4 - positions of instrumentation sections
Dimensions given in Appendix

12
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Eig.140 Model 4 - Typical layout of strain gauges at midspan section
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Conversion of strain gauge readings to real strains

443



444

TOTAL APPLIED LOAD
SuM OF REACTIONS
D IFFERENCE

"=5.7
~.00036

K
'A

44
A11.2 -19,2 .
= 411, )
= 418.1 ,00126 E /’
= 2,3Z ’l
~14,2
-,00120
212.7 .
01391

- 8.3 . «
- -, 00061 - )
c

" 211.7
01541
2 -17.1
FIG. D -.00136
LOAD CASE 1 SUPPORT -REACTIONS AND, DEFLECTIONS } 22.8 ‘-“\ :
: : *,00180 ,
- 3
-0.29¢ -0.340 - -9.399 ~0.404 -G.447
- ) «
.45 ‘ 3 582 0.871
Fi4143
LS5 ALl cEeTion . -4 MLIN GTREST LALGLS o
LONGTTUDINAL STRELOGIS AT LXTRFFE FIBRED '



’
-0.358 -G.266 ~0.393 -0.438 -0.269 - -0.486 -0.6€3 -0.355
-5.121 :&-jl‘—“'\, NIt
4 -
6 227 5 g
_,ﬂs—-__________‘______
- \/
2374 . 3.249 3 494 : 1.144
1G1ag . o

LCRD CASE 1 _ SECTION  1-1 ' SECONDARRY STRESS GHUGES

LONGITUDINARL STRESSES RT EXTREME FIBRES 3
L i

[ 4
26.4
‘ : 0.00174E /~
Total Applied Load = 721.1 ’
Sum of Reactions =1734.1 ) . L N ,
Difference =1,82% v : ) E
- S -15.0
- : - ~-0.00107

A : o -40.5
-7 -0.00342
. ¢

8
602. 4
\ 0.03938

Midspan A-B

Ca

. ) \ .
‘-69.5 ~. =
~0. 00505 ’
-22.9 i
-0.00167
Fig.145
Poad Case 20 Suppart Reactinng and Deflections \! \C 1.3

g’
o ,YC\ \J 0.00010
280 o\ L



446

0.651 -0.555 ~-0.787 -0.614 -0.643

.

v

2.013 - 1-218 ’ H.161

F1G146

LORD CASE 20 SECTION 1-1 MAIN STRESS
LONGITUDINARL STRESSES AT EXTREME FIBRES

=

AUGES

~-0.273 -1.374 -1.955 -0.597 -0.746 -0.683 -0.649 -0.6816

-1.44‘7‘ : N 4 \ ’ _' -9.574 \, : : -0.254

1.520 \/ ' ) ' \ 1.038 . : 3.867

1.114

FIG147 .

LOHY Lhst 20 - TOSECTION  L-f .
LONGITUDINRL STRESSES R™ UXTRENME fIGRES

-



. : | -16.6
TOTAL APPLIED LOAD = 411.2 ' ~.00127
' SUM OF REACTIONS = 419.2°
DIFFERENCE - 2,07
19.7
.00144
-21.2 .
A ~.00163
231.0
01670 _

: 5 10:4
_ : -.00079
‘FIG.14B . - . 12.5 A “\
*'LOAD CASE 1 SUPPORT REACTIONS AND DEFLECTIONS - ,00097 \‘ -
-0.304 ’ ~0.389 -0.465 ' ~0.641 o -0.738
3 A
—F— Ak_k, .
T Xe— ,
0.485 " Jo.539 0.698 0.895 0.961
FIG149

1.0AD CASE ! SECTION 2-2 HRIN STRESS GRUGES

J LONGITUDINAL STRESSES AT EXTREME FIBRES



448

=-0.971 " -D.458 ~(0.521 -0.562 ~0.692 -0.929 -0.882 ~-0.778
~0.252 ~0.309 ~0.387 -0.389 =-0.448 -0.451 -0.646 -0.788

0.450 . {0.481. 0.578 - D444 0.529 0.551 0.702 0.963

' &_).580 0.625 - |0.734 0.983 {0950 1.192 1.087 0.238
'FI6150 . .
LOAD CASE 1 SECTION 2-2 ~ SECONDARY STRESS GAUGES

LONGITUDINAL STRESSES AT EXTREME FIBRES

TOTAL APPLIED LOAD = 721 .
SUM OF REACTIONS = 727.9
DIFFERENCE = 1,02

FIG.151. , .
LCAD CASE 22 SUPPORT REACTIONS AND . DEFLECTIONS




=0:822 )

44¢

LONGITUDINAL STRESSES

SECY
AT

EXTREH

~0.824 ~0.738 -0.788 ~0.702
X X * —¥
, * L
A 1.048 1.-107 1.145 1.144 ) 1.080
FIG 152 -
LOAD CASE 22 SECTION b5-5 MAIN STRESS GRUGES
LONGITUDINAL STRESSES AT EXTREME FIBRES . -
~0.858" ~0.812 ~0.581 ~0.949 -0.012 ~0.906 ~0.841
~0.803 ~0.670 ~0.788 ~0.658 ~0+706 ~0.765 ~0.613
)(\)/3{——);_"\#’,/;\):/’\’/\%/}\*( A
1.037 1.042 1098 [0.848 0,830 0.088 1.088
{.888 {.0%52 14301 1178 1.£08 1.262 14142
FI1G153
Lo/ CRdE 22 5S-G SECGNDROARY STRESS CQUGES



i
i1
(@)

TOTAL APPLIED LOAD =~ 411.2 :1256331.
SUM OF REACTIONS ° = 420.7 ' .
DIFFERENCE = 2.7 )

~14.7 < L00n
-.00105

- 56 - ’ 4
C2 ,00042 . .

224.8
.01675 -

-2.8
FIG.154 , -.00021
LOAD CASE 1 SUPPORT REACTIONS AND DEFLECTIONS
. © -0.3:3 - . -0.918 :
-0.219 0.267]  -0.9n 1.321 -3.173 -1.196
|
4 ¢ N
- - ‘ |
¢ N
|
3 N
i |
8.528 0.425 16.703 -1.555 12.054
F1G155
LGRD CASE | SECTION 3-3 , SECONDARY STRESS GNUGES - -
LONGITUOINAL STRESSES AT EXTREME FIBRES - : . : T




[ .
TOTAL APPLIED LOAD
SUM OF REACTIONS

DIFFERENCE

02575

Midspan A-B

721
716.6
0.61

-3.3
-.00025

FIG.156
. ‘ - =5.1
LOAD CASE 16 SUPPORT REACTIONS AND DFJFLECTIONS - D -.00038
-0,762 -2.480
~0.465 0.697 -2.271 ~11.360 -3.497
I \
A
3 > ¢
- . 3
2
20.740 2+531 40.480 -4.691 83.010 /39-?60
: >(// \ // ;L
F1G157 I l
. t QRO (83E 18 SECTION 2-3 CONDARY STRESS CGRURES
' LONGITUDINAL STRESSES AT EXTREME FIBRES \] I




452

4
-0.207 -0.193 -0.230 ' ~-0.193, ~-0.209
]
0.439 0.357 v . T lo.3se
FIG158 .-
[.GAD CRSE 4 SECTION 1-1 MAIN STRESS GRUGES
LONGITUDINARL STRESSES AT EXTREME FLBRES .
<5.253 _-3:355 -0.345 -3.97) .-u;'n-a_ Ny
¥
/C
.55 3,327 103 1-008
Fla159
Louh (a8 SEeTic S-S AN STRESS LLUNES

POMGETIGIREL STRTSLES 6T EXTRENE



-0.237 -1.411

-72.289 . -7.437

453

1 ' *

 bhsis 0.722
"F1G160
LORD CARSE 10 SECTION 12412 MGIN STRESS TRUGES
LONGITUSTINRL STRESSES RT EXTREME FIBRES -

-0.322 -0.258 -0.324 , -0.320
o
5.470 5.543

F 16161
LCRDR alt 12 SeNTINN 12412 AEIN BRI ASY GRS
LONLITININRL STRYSGES AT EXTRIND PIRRI S



inS
(%14
s

4
b
-0.634 -0.779 -0.990 -1.011 -0.226
R . 1.007 | .632
F1G162 A
LOARD CASE 157 SECTION 1-1 HAIN STRESS GRUGES
LONGITUDINRL STRESSES AT EXTREME FIBRES
-6.011 0.o1s T . " 0.899 _ . ' 0.201 . 0113
! v:__ i a
0.617 9.229 5369
F1G163°
LERD (A5F | S uhilieN 2-2 fif i GTRELS GRUGES

LONCTTURTNEL OTRERDEL AT FATIRENC P IBWE

[}



Coen
v

- n

-0.921 . _ -0.0882 -0.664 T -D.198

Q.07

0.254 : 0-2¢1

y-
i R

1.738 . 1.505

FiG4 =

LORD CRSCT 3 SECTION 6-6 MAIN STRESS GRUGES

LONGITUDINRL STRESSES RT EXTRENE FIBRES

-0.3083

-0.367

.
e e e St g

~1.974

'\; - -
-
. -0.463 ~1.684 -2.058
3.829 S 3.956
FIGH5: . ey ‘ : ' :r—""”’d’—’*_ )

 U'OAD CASE. 30 © - SELTIQN = 9-89 NRIN STRESS GRUGES
LONGITUDINAL STRESSLS AT EXTREME FIERES



156 o | _ & - 456

-9.289 -9.328 -0.340 ~0.351 : 00-375. -0.393 -0.423 -0.411
-0.192 l Fe— ‘\‘, -0.183 \ -0.154¢
/ Y
0.35% . 0.475 ’X . 0.5%8
— ]
b.482 0563 Jo.676 0.801 )
FIG166
- LOAD CASE 1 - SECTION 1-1 SECONDARY STRESS GAUGES
. IN PLANE CONPONENT OF LGNGITUDINAL STRESS -
-
- -
]-[}-G?U 0.7:.51 -0 0S5 -0.147 G.113 -0.293 -0.268 0.938
0.570 r -q.2ee
-7.53¢ j - T7 " . 5 ound
, S s Y
i i
b
|
booies R E TR ST 9~y
F16167




o dsr T

457 - .

~0.787 -D.641
-1.03) -0.790 -0.032 0.743 : -0.00f D.15§ - 0.222 0.289  0.260
> e T
. -D.536 1 Q' -0.435 1 ' \  0.116 t’t — e 0080
' > ’
/ - -0.214 -0.183
1.122 0.888 sﬁ ]Z
/ \ i
1.749 1.665 ‘}-0.3g0 -0.40¢
F1G168

\ -

‘ 8AD CASE 9 SECTION 6-6 SECONDARY STRESS GRUGES v
; LONGITUDINRL STRESSES AT EXTRENE FIBRES . : '
i‘--.-._ e — e T - T = = — i.
P -
' -0.15) ~0.394 ~0.254 ~-0.134 -0.216 -0.189C ~-0.127 -0.1138

. -g.420 ’ / * ~0.210 N -D.068,

0.377 / 0.316 g.282
- /l
. Lﬁ/ {
. 0-607 0.339
FIG89 i |
y LORD CASE 4 SECTION 1-1

LONGITUDINARL STRESSES AT EXTRENE FIBRES

SECONDRRY STRESS GRUGES



-0.000 D.452 G.5R5 -3.259,

8.7

o-

534 -5.655 0.772

458

0.753 / N -1.024
-0.1217 \ / \\ -5.1390 N, 3.13¢
-0.542 5.524 -1.082 1.208
F1G170
LOARD CASE 1 SECTION 1-1 SECONDRRY STRESS CRUGES
‘LEXUREL COMPONENT OF TRANSVERSE STRESS
b —
- -
0-6127 -0,373 0.555 0.547 D.G47 Ia.su .0.523 0.
: i
> %
-9.964 M -5.278 3.c5%
-
2.373 N 3.193 5.502
2.929 -0 739l oosr -5.303%
Fig1n
, {083 [RSE & SELTION  1-1 SLLONGARY STRYLL SHUGES
FLEAURGL QOMOONINT nr Ypeycy 900 angne




459 459

P
i -0.003 0.456 -0.370 ; 0.014 -0.019
N
. ~ - ——
' ) T~ — ~
. 0.305 * 0.219
, u
" o.on1 0.134

t\
f -

-g.217 129 '
: FIC172 , ,
' LGAD CASE 11 SECTION (2-12 SECONDARRY STRESS GRUGES
FLEXURAL COMPONENT OF TRANSVERSE STRESS .

-
-1.070 -0.962 ~0.262 -0.036 0.148 ~-0.014
—1 |
© - =D.580 -0.361 '
‘ 0.249 D.0s9
. 0.246 0.086 ~0.000
-0.006 -0.070
FIG73 - | '
"'LORD CASE 9 " SECTION 6-6 SECONDRRY STRESS CAUGES.

FLEXURAL CONPONENT OF TRANSVERSE STRESS



460

460
N .
0.002 lx.zla 0.153 -o.e'é\z.ou 0.270 -1.744 2.183
: ’ K I I .
Ead N
0.700 N\ N ez -3.142
- //

~0.344

/ ' 1.044 \\ ‘ g.432

1423 1.3a0  l3.09t \3 52¢
F1G174 ' \

LORD CRSE 15 SECTION 1-1 SECONDARY STRESS GRUGES
FLEXURRL COMPONENT OF TRANSVERSE STRESS ) ’

./~/ /S

Q.127 0.3e9

1.652 46 0.D11 D.542 1.276 a.121 ,0.052 0.076 -0.019

. ~ // 0.012 ) : .
.480 | e s ¥ ~0.09

0.16¢e

Y P P——

e e e

1.034 ~0.558

FIG17S




S oael o

~0.256  1.213

-0.147 0.31% ~1.674 . -1.521 =0.337 -p.0S50 0.151  -0.005
e}
: o . !
-0.423 ' A -0.601 0404 0.094
} g - T\l 0.093 6.030
0.256 -0.251 i
lo.eo2  |o.otz : 0.048 0.058 '
FIS176 .
LGAD CRSE 29 SECTION 6-6 . SECONDARY STRESS GAUGES
FLEXURRL CONPONENT OF TRANSVERSE STRESS : T
'; -
i
i
5.6331  0.243 9.520 -8.267 0.701
! ' r
- - — ~— — - -
0.572 \ : ' : -0.421
I © .5.178 \ g.118
f )
] .
! -5.355
A .
i
it \
OF1G6MMT :
L CRD CARSE 10 SELCTION 12-12 ‘SECONDRRY STRESS 'JF:UGF? ‘

el T o

"LEXURARL COMECONENT OF TRANSVIRSE LYRLSS



S ' - . Ee2
62 ' A o L Abz

0.730  0.102 " .07 " .g.017 -0.012
—
/
/
e % —_— % .
-0.238 ) -0.005"
v ) .
-0.045 -0.022
- -0.052
F1G178
LOAD CARSE 12 SECTION 12-12 SECONDGRY STRESS GRUGES
FLEXURAL COMPONENT OF TRRNSVERSE STRESS -
-« -
' l
e
“ ; |
-0.D86 ) -0.129 . -0.230

FIGT7T9

VPED (RLE S Coyeoriny 3-3 SEEONTORRY GTRELD CRUGES
VERT ML BHEWR CTREET




fFI1G181

15 LRLE S
VESTILRL LHEARD

-

STRESS

SECTINN

IH Wkitho

7-1

-0.954

SCTNNDARY STRES

-~

DRUGES

A6
1z -0.123 -0.127
F1G180
LCHRD CASE 9 SECTION 3-3 SECONDARY STRESS GRUGES ~
VERTLCRL SHERR STRELY IN WEBS - -



464 B “

0.056 ‘ -0.091
Fic182 _
LCfid CASE B ‘ SECTION  T-7 SECONDARY STRESS CAUGES
VERTICRL SHERR STRESS IN KEBS ' C i -
2.935_| __-3.100
F1G183
1 o60 (&0 7 COLIrTION 7.7 SERCHTARY STRELH LOUGED
VERTICRL GHEGR STIRILS TM LLOY

e

AN



465

165

0.03S

SECONDARY STRESS' SAUGES

F16184

SECTION 10-10

STRESS IN WEBS

LCAD CASE 9

VERTICAL SHEAR

PPy I & ]
oo
CImLID
a - ue
o ems
o-om o
©
—— L
ooy
Eel It
——A oY
b @ e
o m
ol un o
mep»y (O
DEot
[SIFE Lal
- M
[ S oo,
ey 1 om
gt .
o~ R
LI o
™~
gt
R S
.
~LIr~2 ;=
Qi
O.nunw..“. T e _
a1 om o

o
A, T%7
. .».hr-:.\.

w ﬂwﬂdhu

o
(=]
Y

1)

R

F16185

S

LGRS Uhlt

LOtELT T o

s o Lo
COOT EI LS St MR TAN

JRELD

pRINCIT



466

Ty 0069
S

0y=-0.009
T2:-0289

Oy=0-18

_ Oy=-0W®

03x0023
Op»-0W5

Oy= 0001

Oy -0110 /

Fig18é Principal stresses from Figi85 plotted to scale in correct direction

FRINCIPARL STRESSES.MAX. SHEAR.DIRECTION

- -
D.542 )
0odads U85,
8:%300 .. 2ii%0 .
-0.088” ™" 33541590 015 1.494 0.762 2 0.450
—1.1 -0.381 -0.61S -0.99 -0.845 0.185 -0.905
0.5 0.56 0.815 1.243 0. 988 19 0.228
-26-6d0  -43.}00°  47.700 -36.100 130-700 -i3.700  ®i.500
‘U ‘sg -g.gﬂ.p 0D 239
N n"|3§" -0.023
13.900 88. 100 0.203
89~ 100
0.233
’ 0.899 -0.369
6 ~0.229 0.301
3 0.56 14.500
-43-200 35%8d0
1.74 .§70 :0-055
o.gzg‘ oo082 00338
!o‘ 0 {0.816 05
46.400 |131.800 '7.900
F1G187
LORD CARSE 9 SECTION 6-6 SECONDARRY STRESS CRUGES




467

-1.562

T=1.847

-0.447

=0.410

-0.066

0.334

-0.564

-0.772

-0.77

~1.00] -0.644

-1,354

-0.038

-0.261

0.SB0

0.621

L~

~1.63S

3.549

K]

~1.514

3.808

~

lotil

.233

FI1G188
LORD CASE

SECONDARY STRESS

GRUGES

5-5

SECTION

28

LONGITUDINRL STRESSES RY EXTREME FIBRES

~NE—

o
o~

o

-

meyw
[ph et
O e
K=l

n .
(=3 is ]
oo -
e
=3
0_0.

D 0604

o Oy
Q)
A —
~ el e
O D
[~ N =11

0.180
R R Y1

oD
Ll kel
[aalsatod ~]
o) W .
X=IKE>]
0.0

[y 13
oo
—rr)

RN

o
c
om
M ¢
-3

Do -

—— e O

f16189

FYRITL VT
et

cir
LR

B3N

[

;‘;E\* A':}',".-Fr:v:v ',::wyr

_(;l P

Lo,

T, T
v

g g
PR T



o)

— —
o ~—
[taler] wvre?

) =]
=¥ =¥}

o1—

) .203
§ T ST

7.011

(0]

f ]

@
wed
ooy

. =12

. 283
vul

h

A

FIG10
LOAD CASE 8

5-5

SECTION

DEFLECTIONS

X

avw
(21 &)

-

o

(34 b=
Do e %)
«© (&) 9]
o0

S

F1G1Nn

1-1

ECTINN

i

rect

=

0
PFLELTI

o
Ot

I
LILE

{

[
¢



469

(=] %]
(& 1]
(%N
[ X 2

[=) ]

fa)T)
€0
. I
€t

43.23%
0.263

F15192

LCAD CARSE 12 SECTICON t2-12 ) )
DEFLECTICNS ) ) g

0.651 ~0.555 -0.787 ~0.614 ~71.643

1
i2.013 1.218 , 1161

FiGtas

e

LORD DAL 20 GiOT T
CONTE T NG STRESGE s BT OEY

g}

MR STRESS WLttt




470

\ B R
0.618 A ; 5.034"

5/.1504 -0.703 0.438 L.366 0.044 0.046 0.099 0.017
/ / B3
-3.371 ' / /(i -0.605 9.565

leo2 f2.379 Jo.u3s -0.163

F15194

LCRD CASE 20 : SECTICGN  t-1

SECONDRRY STRESS ‘GAUGES
FLEXURRL COMPONENT OF TRANSVERSE STRESS . RS

-0.86C -0.576 -1.119 ~1.647 -0.761 -0.583 ~1.009 -1.187

‘..9,232 / : ) I -o.71a ‘ . -0.370

1.596

0.920

G136

F 16195

LGHO CAdE 17 SLLYich -1 SCC
LOMGITUOINAEL STREGLLEG AT EXTRORE HIBRES



471

-1.898 -0.562 -0.515 -0.288 -0.180 -0.129
b
¥
/(
p
F1G196 ) -
LGRD CASE 43 SECTION §-5 MAIN STRESS GARAUGES
LONGITUGINAL STRESSES AT EXTREME FIBRES .
© -0.049 0,049
0.014 0.o01l -0.007 -0.038 -0.145 0.188 D0.158 0.176 . 2.078
026 | ’ \
X 0.089 . -0.B6L
“ —
-0.154 “\\\\\ 0.065
"32 3 " — :

-0.04¢ ~-0.014

-0.267

F16197

LUk LY

ISR YRR
L Aot




A72 ' ’ : I | ' ! 4-

-0.321 -8.337 -0.334 ‘ -0.574 -0.338 I-n.:
I
\——ﬁ‘-
- L
0.597 . . |{0.532 0-694 0.509
F12198 o
‘LCRD CASE 56 SECTION 5-5 o . MAIN STRESS CRUGES

LONGITUBINRL STRESSES AT EXTREME FIBRES

- ~0.336 ~-0.291

-0.312 ~0.287 -0.3t0 -0.376 -0.517 -0.695 ~-3.024 ~0.617 -0.415

\’t-.\

~0.109 N ) 114 N s i
. i"‘*——l R v v | 0.252 ¥ a.

0.482 ___\_ o.

0:332 A L\ 0.243 | . \

=
|

0.531 0.s501 0.528 0.622

F1G199. _
LoAD L8t 55 SECTION  5-5 SULONGARY STRESS GAUGES ' A
LONGITUDTHEL STRESSLS AT EXTRFNE FIBRES }



-0.038 0.203

-0.013 0.07

0.092 -0.064 ~0.18]1 1.278 -4.311 1-191 0-193

\

% PR . [-—a
~ ) | g RS " /
4

t aaa |
]} -0.0
:—*‘""“*-'“‘—',D s . 1.012

473

f[( Wi [ N L R I Ty

3
o2l 0.820
0.271 ! 0.300
otl -0.0 /‘
\
_ 0.001 0.047 -0.256 -0.096
F1G 200
L CRD CASE S5 SECTICN §-5 SECONDARY STRESS CGAUGES
FLEXURRL COMPONENT OF TRANOVERSE STRESS -
T -1.118  D0.095
0.067 -0.367 0.022 0.187 0.503 0.078 0.058 0.o004 0.001
036 0.018
- : e ____-b.105 -0.02:
-0.032 -0.02i
506 ~0.351
|
0.408 _0.467 0.105 —0.003
i re201
[T SR LR SteTiod SN Sionuneny STRESL (el



474 , , o A
-0.349 ~0.417 -2.021 -0.278 -0.258 -0
1 K
Tk .
0.904 L4 0.297 B2
F1G202.
'lOHD LaESE 97 SECTION  5-5 MAIN STRESS CRUGES

ONGITUSINAL §TRES &Lb (T tXT’fNE FIBR tb

- ~D.423 ~0.E53 -0.608 -1.031
Mk ‘
. ]
- ) : . S 4
J H— o >4
0.676 0.867 ' 1.132 1.074

FI1G203
LORD CASE 10 SECTION 13~13 HAIN STRESS CGRUGES
LONGITUDINAL STREGSES AT EXVREHE FIBRES



-0.822

475

LONGITUDTHRL STRESSES NT EXTRENE FIBRES

-0.624 ~0.736 ~0.786 ~0.,702
x \' N x R
, 4 J i
1.048 1.107 1.145 1.144 1.080
FI6204 By
LGRD CASE 22 SECTIBN 5-5 MRIN STRESS GARUGES
LONGITUDINRL STRESSES AT EXTREME FIBRES
-0.520 -0.571 . -0.410 -0.328 -0.348
* )
x \Y
p2 3
3.874 0.510 0.528 0.448 0.457
FI1G6205
1.0A0 CRSE 4 SECTION 2-2 MATN STRESS GRUGES



476

-0.848 -0.837 -0.063
3 . 3
b 5. %
1.265 1.227 1.176
F16206 ,
LOAD CASE 13 SECTION 9-9 MHAIN STRESS GRAUGES
LONGITUDINAL STRESSES AT EXTREME FIBRES
~0.934 ~0.698 -0.757
) e g
S
x -
1,385 1.158 1.083
FI16207
LOAD CASE 14 SECTION 9-9 HAIN STRESS GAUGES

LONGITUDINRL STREGSES AT EXTREHE FIHRES



477

-0.423  -0.559 -0.308 -1.051
) s
|
_ _ S}
¥— X— - %
) p.878 0.957 1.192 1.074
F16208 -
LORD CRSE 10 SECTION 13-18 MAIN STRESSG GRUGES
LONGITUDINRL STRESSES AT EXTREME FIBRES
~0.447 0.5755  -0.628  .0.728
> S |
- X
e
1.180 1.088  Jo.szs 0.735

FiG209

™ od na [t
LOND CRSE 12 SECTION 13~13 DAL STRESS GhRUGES
LONGITUDIHAL STRESSES AT EXTRENE FIBRES



478

~-2.280 -3.133 -2.553

3,268 3,562 ' 3,499

x\\% .
F1e2io ' ’
LOAD CASE 37 SECTION 9-8 HAIN STRESS GRUGES

LONGITUDINRL STRESSES AT EXTREME FIBRES

~2.236 ~-2.147 ~3.146 ~-3.541
~2.345 ~2.294 ~2.796 -3.249 ~2.796

™ i
IN:\)

3 .42¢ 4407 4. 209 3,500
3.372 [3.442 3.696 | 4.922

e e , 3 )

FIG211 \/\ / |
e

LOAD CASE 37 SECTION  9-9 SECONNARY BTRESS DAUCES

LONGITUDINAL STRESSES AT EXTREWE FIBRES '

-



-2.983 ~1.807 ~1.669 -2.221
& T
/.x
4,701 :2.415 1.876
FI1G212 - -
LBAD CARSE 35 SECJIGNglﬁ 13 MAIN STRESS GRUGES

LONGITUDINRL STRESSES AT EXTREME FIBRES

479 -

-2.694 ~2.913 -1,978 2,176 -1.847
-z.0bt  -1.8f0  -1.548 -1.845 ~1.940 ~2.260
i X q / ‘\\x-————)‘\\, /:—«—#\'
N / % ) x
%
/4/\<
2,704 F2:509 _72.B6% .27 11 269
3.172 057/ ui2cEso 12.515 2. 050
F1G6213
LOQD Cﬂoﬁ 35 SECTION 13-13 SECONDARY STRESS GRUGES

EXTRENME F1

IBRES



~0.820 ~1.078 -1.297 -1.628 =-1:473 ~1.488 =1.455 ~1+463

0,015 -0.951 -1.120 ~1.452 ~1.280 ~1.698 ~1 550 ~1.514
1,488 ;50/.4-93 \{-a/.w, » )pé4s /q.c/ez =1.0)7 '-x.g‘oz/. -g.0541 >M -
/¥\-N~4\r « < A/ : // // A \\
' P e i b
| ' 'f7ﬁy/i>%kW< T e
248 0922 © 1,580 823 |, 17565\ 1.805 “504 \E58 : 1
Z / / . / P
D . A
(\f\ﬁzf—‘__—ag\\\j@~_-h\9 %’/’);____‘;% .%__———4(
o sl
1.437 1.492 1.C08 1.066 400 {2,953 1.069 2.012
1.460 {1529 1.841 2.172 2.289 2.216 i2.098 1.085
FI1g214
LBAD CARSE 18 SECTION 2-2 SECGNDARY STRESS BRUBES

IN PLARE COHPOHENT OF LONGITUDIKAL STRESS

—-0.151 ~0.931 . ~0.389 -0.198 ~1.605 ~0.778 -0.009 ~0.071
(0087 0.089 ~0.014 0.350 ~-2.850 -0.736 ~0.159 ~0.086 |

b y A,

\ LN ‘\
1 okt osee :/\x.zsr}”i -0.250

".168 9\,\ -0.203 s

e I B . Ea——
-0.589 |/ “oh.183 )

]

-1.078

.—0.183 \.;,—0.3_18 \7‘,-—0.546 x&.—,a.sm vx‘n.nz .2.02 0.160 3|
__ N VX .
\ ; m\/ ' R Y

——
Ll

4
\,

NS

~0.023 ~0.117 -0.084 -0.680 0.009 047391 0.461 0.160
3-206 00483 0:834 !.858 0-719 0-074 '0-099 00128

FI1G215

LORD CRSE 10 SECTION  2-2 SECONDARY STRESS GAUGES . .
FLEXURAL COHPONENT GF LONGITUDINAL STRESS -



481

0.018 -0.392 -0.224 -0.187 ~-0.468 - -0.880 -0.621 ~0.176
0.207 0.223 0.269 0.423 .o q.420 0.630 0.101 ~0.263
i l N\ . N NN S
28 ). . g.449 9-_\7\\5"\ .88y 7 Ny, 130 helds 0.432) X — 0.061
. . 3\
109 =0.212  N..~0.984 £=0.487 '} },0.868 .908 =0,718 0,310 0.069
\ % ¥ N AN A\ N NN
N \ e
N . \ A
\ \ : N\
\l
-0.921 0,953 -0.509 -0.018 -0 .898 1,206 -0.710 D.138
0.140 0.942 0.641 0.785 1.009 1.421 0.959 -0.006
FIG 216 .
LOAD CQSE 1 SECTIDN 2-2 SECONDARY STRESS GAUCES
FLEXURRL COMPONENT OF TRANSYERSE STRESS ’
~0.444 0.627 0.551 0.822 0.826 0.170 0.048 ~0.058
-0.223 ~0.657 -0.274 ~0.145 ~0.023 0.004 0.0G7 0.081
J/ ¥
/ / ) ) s .
- 7 7 X =7 7 T . )
59 ;! 7zp.50%) | A-0.788 | X-04878  FTU-00402 /u;@-sm 3 =0:108 ,{ £.028 ¢ ~0.007
14 & g.gs&__l 9.8/1;{'“ Nﬁ‘/ usa/;x"/ ' _Q_aeg,z;Z D781 -0.014 [ X 0.058
) s / / ] /)(‘0, . \")_
/\ X /‘
[0.057 0.870 Q65D 1778 3.419 10.210 0.008 -0.087
0.422 ~G. 704 ~1.104 -0.709 +0.539 -0.232 ~-0.052 0.077
FI1G217
LORD CRSE 4 SECTION 2-2 SECOMDARY STRESS ONUDES
FLEXURRL CONPOMENT OF TRANSVERSE STRESS



0.075 | -D.246 0.0t 0.113 0.259
0.51 0,558 0.494 0.22 0.023 -0.248
-//' - et il N J "\\ N
Z0.816 1 -0,890 )((w:w /\ -0.0586 L 0.212 ;\c s -0.238
' // M aut] \& \\
0.955 Y, 0.555 4 0.287/ A 0.024 ~0.164 1) ) ), 0.182
/ AT T
~1.149 -0.63 -0.219 0.014 0.254
1.558 0.484 0.248 -0.095 -0.276
FIGC 218
LGBARD CASE 12 SECTION 13-13 SECONBARY STRESS GRAUGES
FLEXURRAL, COHPQNENT_UF TRANSYERSE STRESS g
-0.449 -0.827 -0.263 0.008
~0.041 -0.114 0.159 0.571 0.470
-0.146 3 f;}(—u.uzéw -L{(ﬁo )~/-o.g‘ss' \/ Wi 0.374
0.211 )/ 0.497‘/ 0'.000/ ' 0.574/ /j ~0.263
L A / yAlE A
-0.112 -0.846 -1.0ﬁ1 -0.692
0.274 11.259 1.127 0.483
FIG219°
{.ORD CRSE 14 SECYION 8-9 SECCNDARY STRESS GRUGES
FLEXURAL COHMPONENT OF TRHNS ERSE STRESS




483

-0.833 ~0.188

483

0.023 -0.025 -0.158 -0.991 -0.449
0.238 0.828 0.407 0.054 -0.299
.45 o 1 pat | Nas 03 0.026
o kﬁ N
gl:z.gn -0is10 D.714 . %n_ 0.071
\K \
W-NS '0-!7' -D-ll! ""7. "‘ .07' '° -... ol»
088 Jo.170 lo.s1s L.‘no hast bo.s2s lo.cae
FIG220
LORD CRSE S SECTION S-S5 SECONDRRY STRESS OAUGES
FLEXURAL COMPONENT OF TRANSVERSE STRESS
o.s01 /] | -0.181 0.286 0.282 0.508
.18p 544 1.424 0.56 0.017 -0.476
-0.546

-3.840 . .
1.995.,//: /4( 0 73;/ 0.088/) -0.980
AR
\

0.684

-0.782 0.094

-0.584

]
f"l



484 - : , 484

0.030 ~0.048 -0.078 ~0.245 0.358 1.004 1.536 '\ 1.826 -1.884 -0.560
) 00072 0-011 '0-658 B 0017 00:41 -0-691 -0-36; '0-84 -0-8!3
S
‘\
Y
P AN T
0.1 . . 532, 4.8 .£89, .
_0.147 2:030 \a_g j Esx \ jeE8% \x\,g 8.
\ \\c
N \ /
L‘\' ___0.015 -g-g!ﬂ 2‘.-251 -z-ig‘ -L\IS / 2 1716 x x } 0-00”
\ \ A | \ / /
! /%
\ ,\
pos7|  out7s g.218| b.oss ' 0,981 .958 297l 1-?30 | 5.693
-0.087 -0.123 0,142 ‘tms-c:w ?\"w' 14281 2,124 \J _3.22 -1.465 1.008
AP s\ e
F10223 . ¢ =
LOAD CASE 22 SECTION 6-6 SECONDARY STRESS GRUGES
. FLﬁXURRL COMPONENT OF TRANSYERSE STRESS .
_ B - e - .-‘—"-m-‘ﬁ—h L e
0.008 ~0.143 -0.487 0.053 -2.768 ~1.016 -0.118 -0.231 -0.082 0.102
0.218 0.519 0.516 0.841 474 : 0. ~0.09 0.82¢ 0.685 0.234) " g.t68
gl N , //) y, ///) Al ,//Atﬂ
. \\%\, \ 1.8 1807 | |2 =|_q_q_57L/’ . 0374 | 0125
\\ /,( ¥ 1
§s \\ \ | / / Al
. . 44 N 0475 /o.7m8 2128 Jea8l | oe23! ! o -0.62
. { / _/ ' ]
h \\ \L | AT
' . ) 244 0.704 D'-BEU' l-m =1 -‘,65! =16 =1.10} ~0.832 =0.308
-0-878 -0-82! =0.847 P‘ 038 htm 1771 1-010 9-548 ' 0.209
F10224 _ '
LOAD CASE 27 8ECTION 6-8 SECGNDHRY 8TRESS ORUGES

FLEXURAL COMPONENT OF TRANSVERSE 8TRESS
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485

=-0.084 -0.128 -0.240 -0.481 : =0.1687 - =D.042 =0.040 = -0.017 --0.084 - . -0.038

-0.084 -0.128)  -0.248] - -0.301] -l.2 | L -0 . -0.07) -0.08p . - -0.052

. _ P
%EhmﬁiJ<§hmnﬁi* X xx o 1265 | o o
‘ X
. 0.098 4 o0.008 % -0.088 -0.156 ¢ 0.040
X x|
x R ¢ b 4 X
. P0.087 -0-11( ~0.14% . ~0.124 ' p.'m 0.641 . 8917 ‘ 0.182 0.101
0.088 0.218 p.24s L.zés 0.087 -0.208 -0.018 0.008 o.058
F16225 . . )
LOAD CASE 27 SECTION 6-6 . SECONDRRY S8TRESS GRAUDES
IN-PLANE COMPONENT OF TRANSVERSE STRESS :
— Il
-2.567 -1 -715 ~-1.366 -1.318 0.763 ' -0.180 -0.176 ~0.214 -0.213 -0.218
-2.987 ~2.294 «2.040 -1.667 ~-1.549 ~-0.0 .. -0.17§ -0.20 -0.29 -0.267
—% K——K——% 3 x——%

T

A

K
/}2.392 /2.084 -168 +240 0.287 0.308 .328 «3b4
|s.e28 «366 0.187 0.933 0.346 C.316 b-SSB

13,466
\
F1G226

LORD CRSE 30 ' SECTION 6-6 SECONDRRY STRESS GRUGES
LONGITUDINAL STRESSES AT EXTREME FIBRES :
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486
:6:5 ] 0.716 L4ts 1,280 ) 0,798 -0.0 119 : ootggo 0,104
(i iy ik, A R b, ek Rk B
2{15&. Qifégo ik, e e sveé b ; i, a’is.?tu 015500
- g -;-;lgl 7-é-721 ‘—l .§74 0 81 . onsgg _- «0 OéOJ?;"
] 1?;%3,, Bty | ek | Bsin, | o, oe. [ 6 FHL
":sa paer | g |y e 02 o272 028
.- | | G, e ol | 3l B | it

ML Edy g S T
-43. £s? 48 8 90 lsg B0 0.4 0i3'3 655 0i32 652 is. 5 Rid2 450 P3§5%00
L B B R | SO
6.400 3.200 2.600 Q68 gi.mo 9.600 i-ono 953980 7i.100
F16227
’ LOAD CASE 30 SECTION 6-6 . SECONDARY STRESS GRUGES
. PRINCIPAL STRESSES.MAX. SHERR.DIRECTION : :

g - | |
\\jﬂ:m\\

80 -
T

§:828
F16228

LORD CASE 22 SECTION 6-6

DEFLECTIONS | R -
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Laﬁj‘;::t:::l Elh«s«l

0.706

-0.454 -0.450 -1.319 -1.088 A —0.008 . -0.148 -0.141 -0.140 -0.118 -0.126
-~0.979 -0.818 -1.638 -2.568] -0.677 - -0.0 -0:10 -0.08 -0.10p  -0.198
»r—,,,.f/—”* X ' X
%
0.749 1.081 1.6 . |0.802 0.1389
0,670 .859 1.000 1.112 0. 183
F16229 '
LOAD CASE. 62 SECTION 6-6 SECONDARY STRESS GAUGES .
LONGITUDINAL STRESSES AT EXTREME FIBRES
i
1
| .
| -0.013 -0.048 -0.171 - 0.811 -1.872 -2.374 0.210 -0.108 -0.081 - 0.080
: 0.084 | - 0.188 0.171 0.280 1.885 1.st 0.303 0.266 .38  o.078

~0.133
FIG230

LORD CASE 51

«101

-0.209

<243}

SECTION 6-6
FLEXURAL COMPONENT OF TRANSVERSE STRESS

j0.222

~0.427

0.680

- SECONDARY STRE

/f

8S GRUGES

=

.wl

|-0.44
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«0.298 -0.272 ~0.425 0.117 -6.429 1.028 ~0.448 ~0.230 -0.257 -0.218
-0.187 -0.166 ~-0.290 -0.178 -0.004 - =~0.2% 0.260 ~0.166 -0.18& -0.20 ) ~-0.248
h 3. v ~ N 5. « -
H——- (/) ( \ K a3 3 * % —X
a | I a ' 2 TRy,
K
4 .
866 1.111 ' 0.360 0.466 0.360 0.340 0.278
0.427 0.413 A 0.426 0.869 2.008 0.4569 0.583 0.426 0.850
F16231 '
LLORD CASE 62 SECTION 6-6 SECONDRRY STRESS GRUGES.
_ LONGITUDINRL STRESSES AT EXTREME FIBRES ) .
- \
-0.018 ~0.039 -0.388 i .84‘5 ~8.221 4.365 ~0.660 0.067 -0.0338 0.024
) - -
0.230 0.434 / 6.093 839 0.783 0.208 0.173 0.089 0.087
:1:} -2.418 -5.93'§ i -0-254/\ J/-f).{BO \!0-249 0.035
. Hﬁ% /% r
- 0.862 0.77 0.7 .182 .18 0.0 -0.018
j / i) X
» / s
10.092 0.344 0.046 1-5‘43 -1.714 -0.254 -0.34} -0.138 -0.083
‘0-‘80 -00278 IGO-SSB : -O-BSB -182 '0.388 0-442 0-105 0-059
F1G232
LOAD CASE 62 SECTION 6-6 SECONBARY\STRESS GRUGES
FLEXURARL COMPONENT OF TRRNSVERSE STRESS /
w ‘



489 | S o s - . - 489

58:§§9 %8:§§3 347 LI :fgggao i:@gg :Séigi .88 Shh vl
0.088 419,160 %7 quzl zé.émb_z -38.8pq, . 352260 .16 68 0 0954 8 04,298 5"."5600.285 Eif;guo.lézﬁfsuo
-0.187 ~0.168 -0,231 -0:180 -0,136 o =0.2 -250 -018 -0.18p =0, - 0,260
géfigo gifggo Réfzgu ' gé%;io Eé%éﬁu : : 2i3 %0 -81352 0 Eigl"l o %% gil.g‘u %1300
coifho cihte—eitla Lt | M M e B A e
$id:200 : $344500 _'fzg_mu_ 181-300 L 122,300 33.480 90,000 53000 45.000 112.500 56.600
' Soigee %8 | %R | 623k : 6'%’%& | g | fam | pum o2
el R o.'as o.? E o.E g g: %% <214 ?g% 8:0% 0,058 0,082 ﬁgi-ig
: -4&. 00 | -41.200 ~-456.000 g.100 . 2.600 - 00 -27.200 -85.600 z5.550
R RR et v R S
0,448 "33° Ehza ~24- 18P 445 173 "@.svg 8.400 9.023 HET-T0D 40q (124700 (00 126-300 , ,, [i21% H’.ggg 124.500
Gl g gl Be e g Rl Bl
§.400 gi.zuu Ei‘.‘suu 3.200 Eév.mu 0.500 16:500. . . . |32.200 31.700
F16233 _
LORD CASE 62 SECTION 6-6 . SECONDRRY STRESS GAUGES
PRINCIPAL STRESSES.MAX. SHEAR.DIRECTION ’
i} F . o e 1 [ —
0.723 0.820 0.587 0.000 ] -0.818 -0.858 ~0.993  -1.230
r*— —x
'.
_______4&———————‘“””-_x T;—““~—4r—- !E ——X
’—"]
0,809 ' -1.087 -1.538 ’Lm 1.853 [1.4e02 jo.e50
FIe234 = _ .
% LORD CRASE 86 SECTION 6-6 . MAIN STRESS GAUGES

LONGITUDINAL STRESSES RT EXTREME FIBRES
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490

~0.435 '0;591 "00527 "00645 "00708
¥ ——— —3 ¥ —X
0.608 e Joeme 0.813 0.766 0.635
FI1G235
LORD -CASE 86 SECTION 2-2 MARIN STRESS GRUGES
LONGITUDINRL STRESSES RT EXTREME FIBRES
a
-0 0402 -0-632 * -0 -472 -00481 N "00850 -00431 "0-568 -0-628
~0.326 -0.503 ~0.660 ~0.522 ~0.470 -0.624 ~0.634 ~0.661
b, ',
K
X
3.856 0.691 37286 674
‘ 0.908 . 1.£76 0.724 0.970 0.800 0.761 0.604 0.604
F16236
LGARC CRSLC GG SrLCiion e-2 SECONDRRY STRESS GRUGES
LONGITUDINAL STRESSES RT EXTREME FISBRES



-1.687  -1.812 -1.676 . ~1.578

~1.046

3.818 .887 / b.204
:z/
F16237 |
LBAD CRSE 87 SECTION 12-12 HAIN STRESSJGRUGES

LONGITUDINAL STRESSES AT EXTREME FIBRES

3E.ZEB

) 252503
FI1p238

LOAR CASE 87 SECTION 13-13
DEFLECTIONS

!L"
a“
0
[ %]
[+
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L - 1088
Xp.6ds
—
—
. \\\ .
— |
\ o .
5030
F16239
|.OAD CARSE 87 SECTION 2-2
DEFLECTIONS
0.057 7 -0.307 -0.601 -1.136 -1.701
0.088 -0.061 -0.349 -0.903 -1.516 -1.527
p SR
1
~—~—
. (\:(\\%\ o
~9L‘\\\\9; \ G\‘f‘4r~"'4<
\< )
-4.279 7.923 -1.029 32,185
-1.110 . 12.792
y F15240.
LOAD- CASE 10 SECTION J1-11) .SECUND‘Rf-STRESS GRAUGES

LONGITUDINRL STRESSES AT EXTREME FIBRES

s

‘n
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.-
2
:
L
s

F1c241

LOAD CRSE 14
LONGITUDINAL STRESSES AT EXTREME FIBRES

-0.559

-1.367

-0.392

-0.820

16.183

—

|20.812

SECTION 8-8

11.641

|

17.189

MARIN STRESS GRUGES

- 49:

£ )
~0.420 -0.549 -0.801 ~-0.021 -1.2135 -0.768
3
K
)"’/’l /(
| /‘
] .
7.R4) 5.N14 13.487 S .BBG 19.660 13.016
F 15242
LA LELE S SpiTien §-% Malh STRESS GRUGES
PInGITO0NRL GTREE Gt R TRETE B R



1 a0a

-0.845

0.063

494

-0.863 -0.606 -0.492 -0.474 0.057 0.033 . C.024 - 0.005
-0.674 -0.709 -0.5051 -0.355  0.000 0.066 0.048 -0.001
— s — —eun — e e N
RN ] 1 , .
A~ g
T %
- lo.757  |i0.393 12.966 |11.793 -4.778 -1.706 0.914 lo.947
F1G243
LORD CRSE 9 SECTION 6-6 . SECUNDQRY STRESS GRUGES
LUNGITUD]NHL STRESSES RT EXTREME FIBRES . .
-0.759 -0.797 -0.999 -1.221 -0.694 -0.626
L ]
R
—F -
——
14.030 12.520 16.010 15.130 9.996 11.340
F1G244

LORD CRSE 75

SECTION 5-5
LONGITUDINRL STRESSES RT EXTREME FIBRES

MAIN STRESS GRUGES
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495

~n.éxs -0.590 -0.583 - -0.690 -0.549 -0.412 -0.610 -0.527 -0.348 - -0.414 )
-0.610 -0.6§3  -0.692 .-0/395  0.000 -0.5681 -p.322 -0.427
*— e %— __4*_____--ar—"”r” ..-4&-————-4e—‘*”ﬁ‘_" —X
F——— ’TP———-'¥
7.407  l8.276 ls.627 pr.n19 5.025 5.863
FI1G245
LOAD CASE 26 SECTION 6-6 SECONDARY STRESS GRUGES
LONGITUDINAL STRESSES AT EXTREME FIBRES .
s L
P
; .
-0.114 -0.096 -0.085 -0.089 -0.072 -0.796 -0.653 -1.535 -3.973 -3.424
-0.093 -0.014 I-o.xlz 0.058 0.000 -1.006 -2.045 -1.838
= ] ¥ ¥ = \\\’L_______-_____4‘~\\
_—ar”"—f-;T :
*—
2.523 7 |2.649 -0.068 |-4.476 |5.§50 19.120 - ;31.590 37.180
. 1 X
F1G246 " r
LORD CASE 73 SECTION &-86 SECONDRRY STRESS GRUGES

LONGITUDINRL STRESSES RT EXTREME FIBRES
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-3.274

-0.078

-0.002

‘4Ye

-3.324  -1.775 .. -1.063  -1.053 -0.089 0.253 " u.02
-2.248 I -z.3ds -1.280) l-n.gss 0.169 -0.084 0.083 -0.107
! ! ~ $
- ! ‘Jz—‘ =R =
1 / { ¢
|
X
/ : !
¢
31.h60O *30.580 ) »30.390 23.710 -6.010 -1.811 2'-{)[‘.'3 T .450
¥15247 -
i RD CHSE 77 SECTIDN 6-6 SECONDARRY STRESS CGRUGES
LONGITUDINAL STRESOES RT EXTREME FIBRES :
L]
0.161 ~0.874 -1.203 -4.381 -6.375
8.273 -0.32] -0.882 -1.648 -6.860 -3.077
\
:\
i A\
X
]
H-11.480 18.110 0.045 90.000
-2.44] 38.320

F16248 © ¢

LCRD CRSE 32 SECTION 11-11.

LONGITUDINAL STRESSES AT EXTREME FIBRES

\

- SECONDARRY STRESS GRUGES

RN



4 | . ~a97

0.127 ) 0.408 0.440 : 0.801

- |o.643 -6.585 : -0.028 -15.460

F1G249 : )

LORD CASE 73 ‘ . SECTION 11-11 - MRIN STRESS GAUGES
LONGITUBINAL STRESSES AT EXTREME FIBRES : -

s

-0.031 ~ -0.116_ -0.237 -0.307 -0.221 -0.526  -0.954 -1.19]
0.000 <0.153 -0.307 -0.248 -0.852 -0.84]

1.419 4.327 0.370 . 7.767 10.447 16.564

F1G250

I.LORD CASE 1 SECTION 2-2 SECONDARY STRESS GAUGE:
LONGITUDIHAL STRESSES AT EXTREME FIBRES



498 4
0.528 0.660 a.711 -0.714 -1.632
0.676 1.310 0.174 -2.245
\
\. \ 12451 -22.309 \)L\ 46.384 -36.513 '
P
\
N A
N <3224 A\ 6623 e N 775 18,625
“1-9.910 16.186 -25.789 %8.202
I-1.029 |-2.568
F 16251
LOARD CRSE 10 SECTIUN 11-11 SECONDARY STRESS GRUGES.
FLEXURAL COMPONENT OF TRFINS_VERSE.STRESS .
0.158° . 0:166 -0.032 -0.022 0.970 0.268 -1.064 -1.277
0.226 -0.251 - 1.233 -0.584
) //
o t L‘ - 3 \\
\, 'z.sos\,' -4.005\/ 4,392 \, '—'10.5)75\ : 17.696 N -0.511
S -0.991. [\, 1.250 L% -0.298 0.007 Ny -1.507 | 11.52
bty REL) e~ “ 5
~ T
-0.788 2.672 -3.148 5.626 2.467 - 5.5679
FIG252 ~ ~ °
LCAD CARSL | SECTION 2-2 . SECOMDARY STRESS GAUGES
FLEXURAL COMPONENT. OF TRANSYERGE STRESS



- ~0.019
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g.009 -0.048 " -0.027 -0-261] 0.324 0.998 0.097 -1.232
-0.0%8 0.008 0.960 -0.824
—— Yk 3
: l 0.n3 0.252, 0.727 -0.419 »% -s.‘72\: 5.246 1.290
~0.1 ~0.490 |, -1.784 x | 1.664 ;E ‘ -1.603 4.092
0.719 ~6.252 0.599 |-1.508 0.038 -1.283 2.584
F:6253
LOARD CRSE S SECTION 6-6 . SECONDRRY STRESS GRUGES
FLEXURAL COMPONENT OF TRANSVERSE STRESS ) .
~0.615 -1.758 0.449 1.442 -0.364 -0.031 0.720 0.067
-0.955 1 -792 -0.715 0.682
3.260 q.ﬁ -3.413 ‘-1.765
2.891 0.393 - 1.377 *____n.sso &(____1.425
|
4.934 -0.503 9.483 -2.190 2 .285 1v.107
F1G254 _
LOAD ChSE 4 SECTION 2-2 SECONDRRY STRESS GRUGES

FLEXURAL COMPONENT OF TRANSVERSE STRESS
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-66.710

§5.560

1.407 1.279 T .808 - |-0.163 -5.347
1.566 2.072 3.576 -12.260
X I
X —
" x 32.340 " -53.680 135.000
; X
e =3+093 ‘ 414110 -hg 720
|-26.040 41.120 -70.340 - .
-1.2: -8.987 X latenccl ! ""i“““‘x
Atmet el
X
FI1G255

LOAD CASE 32

SECTION 11-11
FLEXURAL COMPONENT. OF TRANSVERSE STRESS

SECONDRRY STRESS GRUGES

3
i 0.085 -0.802]
4.224 -3.489 16.400 -20.790
; -
F 16256 I
LNRRD CASE 16 SECTION 3-3 " SECONDARY STRESS GRUGES

FLEXURRAL COMPONENT OF TREBNSVLR

SE STRESS




18.230

- 501
_~1.925
32.180

411

14 .440

49.720 o
~2.273

-830

-0.360

(W]
La)

-1.607

-28.360

F.zﬂl
3.19

16.460

SECONDRRY STRESS GRUGES

1).680

-1.607 | 7.3>\

o o
gl
- or-

.

e
-~ -

-21.29]

[V

I8

LA

-9.945

-0.657

:10.220
3.281
10

2.

SECTION 2-2

0.567

7.527

6,560
-2.289

+286 0.363 -0.080 -0.041 =2{J:?\§\ 1.138 -3.844 -4.216

0

-2.827

FLEXURAL COMPONENT OF TRANSVERSE STRESS

LORD CASE 16

F 16257

501

e s e g+

SECONDRRY STRESS GRUGES

SECTION 6-6

PRINCIPRL STRESSES.MRX. SHERR.DIRECTION

LORD CRSE 73

F16258
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[43)
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.
o
o
—

il

]

oo
as
[- 2%}

Q/A.aos
M'“ .00}
0ot

.17
o081

5133

%408

—4%:632

7089, —*0.001

.07
.099 ———JB,BQB

.000

éﬁs—-

FI1G259
LORD CRSE 9 SECTION 6-6
.DEFLECTIONS -
i -
o,00] 1
p-000
ool
O.c0f
-—0-Oo
0. 100 .
-0-0o 1
| ©0-293 033
o997 o9 ,
|
F1G 260 %

‘LORD CRSE 10
DEFLECTIONS

SECTION 11-11
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g.012 -0.222 -0.512 -0.779 -0.65%0 -1.396 ~2.661 -3.107
0.099 -0.332 -0.763 -0.719 =2.535 ~-2.726
‘ﬂv=ﬁ_‘”
— ] \

[} B

3.400 1t.110 -0.045 19.740 3& +540 49.080
F1G261
LORD CARSE 16 SECTION 2-2 SECONDARRY STRESS GRUGES 4
LONGITOOINRL STRESSES RT EXTREME FIBRES

0.003  -p.208 -0.415 -0.692 -1.07C -1.318 -1.856 -2.142

-0.382 -0.530 -1.332 -1.692
:ll.870
\\\\\\
\\\\\\
—_SleBR0 T

4.530 B.336

F1G262
L0RS CRSE 16 SECTION 2-2
IN PLRANE COMPONENT 0F LONGITUOINAL

1.632

STRESS

17.040

51.490




Ul
(@]
t\l

5C
0.010 -0.014 -0.097 -0.087 0.420 " .0.078 -0.805 -0.964
0.050 -0.232 0.612 -0.843
= | .
s = A i _,_,--""'"-F.- I .
== - o T \:-x } ] '_i .
el 20199 —-3.013, | __3.505 L iba-elasst L 14.970 _-0.602
‘4,_ 2 _._.____,L,
X
. . X n .
2 _~(Elti_9 5 1.190 e g.225 | .. 2:323 _F__—:l_z_.z_z_‘,: oy 11.500
x ¥
1.130 2.7 -4.677 2.706 -3.307 -2.416
F16263
=R CRSE 168 SECTION 2-2 SECONOARRY STRESS GAUGES
FUEXURAL COMPONENT OF LONGITUDINAL STRESS
0.285 0.363 ~0.080 -0.04} ;3‘{:01 \ 1.138 -3.844 -4.216
0.567 -0.657 3284 -1.607
v
-28.360 49.720 | -1.92¢
| ]
Ay < 7.315 =l -2.27? 32.18¢
'\\ "
-2.827 7.527 -9.945 16.460 2 .830 14.440
FI16264
LORD CRSE 16 SECTION 2-2 SECOMDARY STRESS GRUGES

FLEXURRL COMPONENT OF TRANSVERSE STRESS
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205

FLEXURRL COMPONENT DF TRANSVERSE STRES.

¥

0.002  0.007 0.0}l 0.003  0.014 -0.191 -0.202 -0.152 -3.077 -2.913
0.002 _-0.0bs  0.003 0.0}2  -0.208 ~0.217 -0.128 I-o.o'n
! I
|
1.
|
' l
- n = o /
—_— - \| i
' (
!
-0.073  [0.120. -0.482 |-2.293 2 .827 3.853 12.560 {1z -450
l'-
-
F1G265 _ =
LNARD CASE 82 SECTION 6-6 SECONDARY STRESS GRUGES
LONSITUDINAL STRESSFS RT EXTREME FIBRES
. - “._I
0.146  0.387 0.299  -6.155 -0.097 -0.198 -g.212 0.050 (1.259 0.036
-0.167 0.310
0.366  0.755 . )
—— |
_ 7 ]
-0.4g5 5d.-05 6724, s 5.476 o 0.749 o 0.400 N -0.633 , -0.23%
0-314 0-538] 2 300s{5¢ 1.848, 155 1.659 L -0.335 o D.eel
X
_0.542 l0.447 -0.966 |-2.97) -0.374 -1.366 0.680 -0.298
. )-/
F 16266 , .
LNAD CRSE 84 SECTION| /6-6 SECOMDARY STRESS GRUGES
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-0.032 0.020 - -0.013

) -0.245 -0.256 - -0.252 -3.579 -1.278 . -0.155 ’ -0.117
- -g0.221 -0.298 -0.249 B ~—0.|023 ~0.14 ’ -0.085 0.021 -0.025
o)
»*— / x
ey — —
3.874 4.523 14 .960 7.585 0.576 0.754 11.324 0-162

F1G267 _ <
LOAD CASE -84 SEFTION 6-6 ° SECONDARY STRESS GRUGES

LONGITUDINAL STRESSES AT EXTREME FIBRES
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LDARD [RSE B?2 SECTION 6-6 SECONDARY STRESS GRUGES

FLEXURAL COMPONENT OF TRANSVERSE STRESS
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LORD CHSE}SQ SECTION 6-6 - SECONDARRY STRESS GRUGES
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LONGITUDINARL STRESSES AT EXTREME FIBRES
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FLEXURRL COMPONENT OF TRANSVERSE STRESS
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LORO CRSE 8B SECTION 4-4 MRIN STRESS GRUGES
LONGITUDINRL STRESSES K1 EXTREME FIBRES
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LONGITUDINAL STRESSES AT EXTREME FIBRES
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~ FLEXURAL COMPONENT OF TRANSVERSE STRESS
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" LOAD CASE 10 SECTION 11-11
FLEXURAL COMPONENT OF TRANSVERSE STRESS

-25-789

‘2-558

{8-200]

(32.76)
8.202

SECONDARY STRESS' GAUGES

LTS



- 0,004 (0012)

.-—o 00

F1G 284

" LOAD CASE 10
DEFLECTIONS

»P o000

3\\~ 0.{co (0.099)

, ‘\OOO

R
' H
]
i "i
. i
.: :
—=—e— P

=t o. 100

—_— . [-60c2

~ SECTION 11-11

L0257 (0213)
_ locoZ ( )

81§

TS



iovsw) N
L ~
. S
N
-0.754 -0.883 -1.242 -0.058 -1.814 -0.8 - D8ifLE
|-0-672) (-0 .528) (-1-123) -0-855) (1. 287) -0-9
//ﬁ?/’/
__..___—;:—"'—““‘.-\ - /
p o _ \ - - __/-:_—:-Q_\ - . p1e e
. . - * s . i vl e -
~— 1 / o \T——- .
. \ :
. . | 4 //
s (asL1-)
— _ K ] :
e A L
1 ~ . / -
. . | r/ / ' - ' ) A -
13.580 . [9.404 {le2.770" . 12.730 |10 14.52
16 - 710) . {9-590) (2/8-290) - (15-070) (s2-88)” /" (15-09’ Yy £~

. FI1G 285

. LORD CRSE 73

- SECTION 5-5 |
LONGITUDINAL STRESSES AT EXTREME FIBRES

MAIN STRESS GAUGES
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SECTION ©6-6
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NOTATION

A encloéed area of box cross section

Ab cross sectional area of bracing member

Ap mid surface area of plate diaphragm

ABX coeffiéient frﬁm Equation D2

a span of plate in transverse direction

b spacing of transverse stiffeners

bB width of bottom flaﬁge between web centre. lines

bp width of flange projection beyond web centre line

bT width of top flange between web ?gntre lines

Cd cross sectional warping propertf

Cy coefficient from Equation 3.18

c, coefficient from Equatiqn 3.18

CSX coefficient from Equation D2

c slant height of box web between flange centre lines

DB transverse flexural riéidity of bottom flange

DC transverse flexural rigidity of wéb

DT transverse flexural rigidity of top flange

DYB as DB

DYC as DC

Dyq as Dy '

do effective width of plate acting with transverse
stiffener

E Young's Modulus



n

[6))

?;l

zd:"b_[.'*l:"

YRty

93}
N

Young's Modulus of bracing members

force in bracing member

see Equation 2.3
shear modulus

plate diaphragm shear
depth of box

second moment of area
second moment of area
warping second moment
second moment of area
second moment of area

second moment of area

for transverse bending

second moment of area
length for transverse

second moment of area
transverse bending

modulus

of beam on elastic foundations
of box cell

of area

about x axix

about Yy axis

of top flange per unit length
of bottom flange per unit
bending

of web per unit length for.

Bredt torsional constant

distortional stiffness of box cell per unit length

HB summation coefficient from Figure 289

foundation modulus of

box girder span

BEF

length of bracing membex

diaphragm spacing
bending moment in BEF

torsional moment

bending moment about x axis



BEF

527

distortional bending moment per unit length
antisymmetrical component of vertical loading

antisymmetrical component due to one axle of HB
vehicle

antisymmetrical componént due to knife edge load
antisymmetrical component per unit length due to u.d.l.
antisymmetrical component of horizontal loading
contribution to Pl of bottom flahge radial force

contribution to P1 of top flange radial force

contribution to P, of web radial forces

1
applied distributed>distortiona1 load
diaphragm stiffness |
shear force in BEF
distortional shear force

dimensionless diaphragm stiffness

see Appendix B.3

increase in Qw per unit length
BEF support reaction
torsional stiffness reduction factor

factor for simplification of 8 calculation from
Figures B17-B20
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desired reduction factor for GDW

torsional stiffness reduction factor when internal
diaphragms present

desired reduction factor for GDW
radius of curvature
error in oW resulting from use of Equation 2.15

ratio of warping stress at intersection of top flange
and web to warping stress at intersection of bottom
flange and web

error in B resulting from use of approximate
warping property Ix/4

factor for simplification of B calculation

gsection modulus of transverse stiffener and associated
effective width of plate
~_t

I

total radial force in bottom flange per unit length
of span

total radial force in top flange pér unit length
of span

thickness ;f bottoﬁ flange
thickness of plate diaphragm
thickness of top flange

thickness of web plate .
distortional strain energy
distortional bending strain energy
distortional warping strain energy -
térsional stfain energy
contribution to UD from top flange

contribution to UD from bottom flange

contribution to UD from web

52



warping displacement

redundant shear force at centre of bottom flange
as Vv

displacement along tangent to the section
distoftional deflection

disfﬁnce in spanwise direction

perpendicular diétance from neutral axis

perpendicular distance from shear centre to centroid
of top flange

perpendicular distance from neutral axis to centroid
of top flange

perpendicular distance from neutral axis to centroid
of bottom flange

as y

ratio DYB/DYT

warping parameter
warping parameter
warping parameter
distortional parameter (see Equation 2.14)

ratio bB/bT

change in length of diagonal for unit antisymmetrical
loading

vertical distortional deflection at top of web
vertical rotational deflection from grillage analysis
horizontal deflection at bottom of web

vertical torsional deflection at top of web

529



w

(@]

vertical deflection at bottom of web

386B

vertical distortional deflection at top of web
for unit antisymmetrical loading

strain | .
strain in x direction

strain in y direction

inclination of box web to vertical
equivalent distortional rotation
grillage rotation

tors;onal rotation

angle between diagonal strain gauge element and
direction of oy

ratio c/bT

107

Poisson's ratio
ratio DYC/DYT
direct stress

longitudinal bending stress

transverse distortional bending stress
distortional warping stress

total longitudinal stress

radial component of longitudinal bending stress

.radial stress at bottom of web

radial stress at top of web

torsional warping stress



total warping stress
direct stress in x direction
direct stress in y direction

maximum principal stress

-minimum principal stress

shear stress

shear stress in diaphragm

maximum shear stress

displacement coefficient for bottom flange
displacement coefficient for web
displacement coeffiéient for top flange

as wB .

warping parameter
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