AN INVESTIGATION INTO THE USEFULNESS OF A METHOD OF ANALYSIS FOR STRAIGHT,
UNIFORM-SECTION, BOX-GIRDER BRIDGE DECKS WITH SIDE CANTILEVERS

L.

by F J RETIEF BSc (Civil) Engineering

A thesis submitted in partial fulfiilment of the requirements for the
degree of Master of Science in Engineering

Department of Civil Engineering
UNIVERSITY OF CAPE TOWN
April 1991

PRI YA e 8 I XL BRSO A

The University of Cage Town has been given
the right to reprogune this thesis in whole:
or in part. Copyright is insld by the author.

Y S vy




The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



DECLARATION BY THE CANDIDATE

I, FRANCOIS JACQUES RETIEF, hereby declare that this Thesis is my own work
and that it has not been submitted for a Degree at any other University.

Signed by candidate

F J RETIEF : ' April 1991



SYNOPSIS

Maisel and Roll, in a technical report for the London Cement and Concrete
Association, proposed a method of analysis, in the form of an extension of
simple beam theory, which is suitable for application to straight,
rectangular, single-cell, uniform-section concrete box-girder bridge-decks
with side cantilevers. This method only requires a calculator for
execution and if a computer is used, results for maximum stresses may be
obtained almost immediately. The authors state. that since their method
does not discretize the structure as in the case of finite element
methods, the requirements in terms of computer capacity and therefore
computation time is considerably reduced. Maisel, in a later Cement and
Concrete Association development report, examining the use of small
- computer capacity for the analysis of concrete boxbeams, indicates that
the hand method was being programmed.

Since the usefulness of such a method is obvious, especially if available
in program form, it remains to confirm the accuracy and range of
application of the method. For this purpose, four Perspex box-girder
models of different depths were constructed and tested. Strain gauges
were fitted at the mid- and quarter-span sections and readings for four to
five loadcases per model were taken. Several problems relating to the
creep and thermal properties of Perspex had to be overcome during the
experimental phase.

Strain values obtained from the model tests were converted to stresses and
these were compared to the stresses calculated by the recommended method
of analysis proposed by Maisel and Roll. Generally, the experimental
results showed a very good correlation with the analytical values and thus
adequately confirmed the accuracy of the method.

The analysis for the model loadcases were performed using a programmable
calculator and although some of the more complex equations were
individually programmed to save calculation time, it still took about 6
hours to do an analysis for a loadcase comprising only point loading at a
single position on the span. However, once the method has been programmed
for small-capacity computers, the time required for analysis will be
consideraly shorter, even for more complex load arrangements and this will
provide the Engineer with a fast and inexpensive analytical tool.
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TERMINOLOGY'

(xiii)

The def1n1t1ons for the various terms and express1ons used in the text are

as follows:

distortion

warping

torsional warping -

distortional warping

shear lag

St Venant torsion

longitudinal
transverse

centreline

mid;line

midpoint

The terms measured,

deformation of a cross-section (Figure 3.1)

the out-of-plane displacement of points on a
cross-section (Figure 3.2c)

warping of cross-section associated with shear
deformations in planes of flanges and webs caused
by tors1on

warping of cross-section associated with in-plane
bending of flanges and webs caused by torsion

a form of warping associated with bending without

torsion as a result of shear deformations in the

~planes of the flanges (can also occur under
torsional loading) (Figure 3.3)

pure torsion, theory assumes zero warping
restraint and therefore no longitudinal normal
stresses

in the direction of the span or z axis

in directions perpendicular to the span

vertical .line through axis of symmetry (centroid)
of cross-section

centrelines of flanges and webs in section

a point halfway between reference points

experimental and observed readings refer to the

stresses determined from the strain readings from the model tests.

The terms analytical,

theoretical and calculated values refer to stresses

determined by using the hand method of analysis.



INTRODUCTION

Torsional loading in box-girders introduce longitudinal warping
stresses over and above those found from the simple bending and
torsional analyses. Additionally, transverse bending stresses due
to the distortion of the cross-section as well as local bending
also occurs. These stresses must be taken into account in the
~.design of -such members since they represent a major portion of the
total stresses that are present.

Several methods are available whereby the warping and transverse
bending stresses can be determined. The most accurate method and
also the method with the widest application is the finite element
method which requires a computer of sufficient capacity. These
methods involve extensive calculations and as such use
considerable computational time and therefore have high costs.
Also, the time required for preparing the input for such programs
may be substantial, especially if a facility for automatically
discretizing the structure is not available.

The finite strip method also involves discretizing %%3 structure
and considerable computation but according to Maisel , has been
developed into an economical method for dealing with box-giders of
uniform section as well as curved and skew girders and continuous
members. '

Maisel and Ro]1(7), in the method that they proposed, selected the
most suitable methods available, in their assessment, for dealing
with each of the structural actions that typically occur in box-
girder structures. The structural action types are the following:
simple bending and shear, St Venant torsion, torsional warping,
distortional warping, transverse bending, shear lag in bending and
local plate bending. The final result is obtained by
superimposing the relevant stresses from each of the above
effects. The method is limited to rectangular, single-cell,
constant-section members and requires considerable calculation
time if done by hand. However, if it is programmed for a small
computer, and it is suitable for this purpose, it will be a fast
and inexpensive analytical method which is competitive with the
finite element procedures within its scope of application. The
only question remaining therefore is with regard to accuracy and
whether the method can produce suitable results for use in the
actual design of members.

Maisel and Roll performed tests on a single Perspex model with
successive single point-loads applied at various points on the
deck of the model and in-addition did have some results available
from tests performed by Steinle. The Maisel and Roll model
represented a box-girder of average proportions and the tests gave
satisfactory although sparse results.
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In order to broadly assess the accuracy of the method, it was
- decided to test four Perspex models ranging from extremely deep to
extremely shallow sections with the in-between models slightly
deeper and slightly shallower than normal. The support conditions
in all cases represented a system preventing distortion but not
warping. Loading was in the form of single point loads or pairs
of point loads (mostly) applied at either midspan or quarter-span.
Where possible, loadcases were devised to be able to separately
examine individual structural action. types. Electrical strain
gauges around the midspan and quarter-span sections were used to
find stresses which were compared to those found from analysis.

The tests on the models may have been extended to include
distributed loading as well as support conditions which provided
full warping restraint as in the case of continuous members. It
was however felt that in the first instance, if good results are
achieved with point loading, good results should also be achieved
for distributed loading since this merely represents a
superposition of a number of point loads. In the second instance,
~Maisel and Roll refer to an example by Steinle in which the
warping stresses at midspan under concentrated midspan torsional
loading differ by only 5% when calculated for no warping restraint
at the supports and then for full warping restraint at the
~supports. This is a relatively small influence and as such less
important than the other effects examined here.
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- EXPERIMENTAL PROCEDURE AND RESULTS

GENERAL

The purpose of the experimental work was to establish the afyyracy
of the hand method of analysis proposed by Maisel and Roll and
this was done by testing four box-girder models with different
(but realistic) cross-sectional dimensions.

It was decided to construct the models using Perspex sheets mainly
because of the ease in accurately machining and assembling this
type of material.

A further consideration in selecting Perspex was that Maisel and
Roll had also tested their proposed analytical method against ;?e
results of tests on Perspex models. According to their report( ,
these tests yielded results which compared favourably with those
from the analysis.

For simpiicity; the loading type was restricted to point Tloads

~applied at the mid- and quarter-span sections of the models to

give the required combinations of torsional, distortional and
bending effects. The support conditions for the models were
chosen so as to restrain both torsion and distortion but not
warping. In terms of longitudinal bending, the models were all
simply supported single-span structures.

SELECTION OF MODEL DIMENSIONS

Design Considerations

The selection of proportions for the box—gir??g models was based
on the results of a feature survey by Swann ) of 173 concrete
box-girder bridges constructed between 1957 and 1972.

From the above publication it was found that the preferred range
of spans for uniform-section, single-spine box girders lie between
25 and 50 metres and that span to depth ratios vary between about.
12 (economic limit) and 32 (flexural stress limit).

In order to keep model-making to a minimum and to re-use strain
gauges as far as possible, it was decided to initially build and
test the deepest model (1/D = 8) and to subsequently modify this
model by cutting the webs to the depth required for the next
deepest model(1/D = 14). After accurately milling the shortened
webs, the bottom flange, either the one used previously or a new
one if a different thickness was required, was re-glued. This
process was repeated three times to yield the four models.

In this way it was possible to retain the top flange (deck) and
web portions from one model to the next and since these had the
most gauges attached to them and consequently were the most
expensive and time-consuming to replace, considerable savings were
achieved. '
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The modification procedure described above, imposed restrictions
on the selection of dimensions for the various models in that it
fixed the thicknesses of the top flanges and the webs, and
hyep: as we]] as the width of deck, b, and 1ength OP the
cantilevers, . Therefore, it was also necessary to check
whether these $1xed dimensions and thicknesses did not result in
abnormal values for some models, especially the ones with the
deepest and shallowest sections, in terms of the various Swann

- . criteria. However, it was found that by selecting suitable
scaling factors, the "full scale dimensions for a]] models could be
made to fall within the norma] range. :

2.2.2 Design Procedure

Firstly, the dimensions for a box-girder of average proportions
was determined using results from the Swann survey.

‘A span length of 48 m, which is relatively large for this type of
deck, was selected so that the member sizes and thicknesses would
be determined in terms of structural requirements rather than
nominal sizes. This gave a model length of 1.200 m. when using a
scaling factor of 40. The above length was found to be suitable
“in terms of the available Perspex sheet sizes and the size of
milling machine.

A span to depth ratio of 21, which is approximately the mean value
for this length of span, was chosen from a diagram of maximum
span/depth ratio at the piers versus maximum i% n for the various
bridge structures included in the survey This gave an
overall depth of section of about 2.3 m and a mode] depth of 57.5
mm.

The deck width b, was found from a diagram of ratio of total
breadth/maximum span versus maximum span. The approximate mean
ratio given for single-cell structures is 0.21 for a 48 m span,
~giving a deck width of about 10,1 m and a model dimension of 252.5

mm.
The the cantilever length, nt: was calculated using the
following equation given for s1ng?e cell box-girders:

beant/b = 0.24 - 0.00048 154 + 0.0058 b
where

1maxv= max imum span length

bcant = length of cantilever measured from the web centreline
b = breadth of deck including the cantilevers

The above equation gives a value of approximately 2.80 m for beant
and an equivalent model dimension of 70.0 mm.
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The thicknesses of deck slabs are largely dictated by transverse
bending design considerations. Swann considers this dimension at
two critical positions: at the root of the cantilever and between
~webs. In both instances plotted diagrams of slab thickness versus
span and which differentiate between transversely reinforced and
transversely prestressed deck slabs, are given for the structures
surveyed. For a cantilever length of about 2.6 m (measured from
the outside of the webs, assuming a web thickness of 400 mm) the
average thickness at the root was found to be about 320 mm. In
"terms of the second consideration, the average thickness for a
deck slab with a 4.10 m clear span between webs, again assuming a
web thickness of 400 mm and with haunches present between flange
and webs, was found to be about 240 mm. The thickness selected
for the top flange was based on an average of the above, i.e.
280mm, which trans]ated to a model dimension of 7 mm.

The web thickness was found from a diagram of 2h,.pD/blg, versus
maximum span, ln.., and which d1st1ngu1shes between g%x -girder
structures with constant section, varying slab thicknesses and
varying depth of section. The parameter given above is a
dimensionless expression taking web shear area at the supports
(proportional to shear resistance) and deck area (proportional to -
load) into account. For.a constant section_with a span of 48 m,
the diagram gives a value of about 3.8 x 1072 which works out to a
web thickness of 0.801 m for both webs or 400 mm per web. This
- gave a model dimension of 10 mm.

The final stage in finding dimensions for the average box-girder
was determining the thickness of the bottom flange. A diagra
similar to that for the webs but with parameters of D Ap,¢/blp,
versus maximum span |1 ax: where Ap,: is the area of the bottom
flange, is provided. 1s gives a value of about 1.0 x 10-% for a
constant section member with a 48 m span. The thickness of the
bottom flange was then 210 mm which for the model became 5.3 mm.

The dimensions for the average section from the above
calculations are illustrated in Figure 2.1.

L 101 (252.S mm) )
! 8 omm 4.5 {112.Smm) L 2.8 (70.0mm) |
! 7

————_Ir.

[ ' - » e |

0,280
e | (Imm)

1,81 (453

0LytlOmm) 0,4 ¥10mm) A

MOOEL OIMENSIONS (1 IN 40 SCALE) GIVEN IN BRACKETS
FULL SCALE DIMENSIONS IN m

Figure 2.1 Average cross-section for a single-spine, uniform-
: "section box -girder spanning 48 m.
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Secondly, span to.depth ratios were chosen for the four models so
that these would be spaced towards the upper and lower portions of
the range of values presented in the Swann survey, i.e. from 12 to
about 28. Values of 8, 14, 27 and 32 were selected.

The cross-sectional dimensions for all the models with the
exception of the bottom flange thicknesses were therefore known at
this stage: the width of the deck, length of cantilever and

thicknesses for webs and deck were taken from the sizes found for
- the average model above and remained the same throughout and the

depths were calculated from the above span to depth ratios.

The required bottom flange thicknesses were provided for each of
the models according to the Swann survey since these panels had to
be removed for the modification from one model to the next in any
case. !

Thirdly, as a check, it was seen whether suitable scaling factors
could be found on a trial and error basis to give full scale
dimensions that would fall within the range of values described by
the Swann survey. These factors were found to be 30, 33.3, 40 and
40 for models 1 to 4. ' ' : :

The models were made, as described in the next section, using the

Perspex sheet thicknesses nearest to the values found above. See
Figure 2.2 for the as-built model cross-sections.

PRODUCTION OF MODELS AND MEASUREMENTS

As described previously, Model 1 (deepest section) had to be made
first and tested before being modified by cutting through the webs
to produce the next model - ie Model 2. This process was then
repeated twice more to obtain the other models.

The various panels for the deck, webs and bottom flange were cut
with a bandsaw from 6, 10 and 3mm Perspex sheets respectively and
accurately machined down to the required sizes using a milling
machine. The panels were then glued together using Tensol cement
for Perspex - a chloroform based adhesive. The as-built cross-
sectional dimensions of the models are given in Figure 2.2.
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Figure 2.2 As-built model cross-sectional dimensions.

For the modification, the webs were cut 2 to 3mm below the
required depth with a bandsaw and the excess material machined off
accurately with a milling machine. The bottom flange, which could
either be from the previous model from which the residual web
portions had been carefully machined down or a completely new
panel depending on- the thickness required, was then glued on.

INSTRUMENTATION

Strain Gauges

Selection of strain gauges

The strain gauges that were used had to be compatible with both
Perspex as base material and with the available measuring
instruments (see 2.4.2) and in addition had to be small enough in
relation to the size of the models to give sufficiently Tlocalized
strain values.
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Figure 2.3 Strain gauge configurations.

Strain gauges produced by KYOWA ELECTRONIC INSTRUMENTS COMPANY of
Japan were chosen since they satisfied both the above
requirements - see Figure 2.3 above. These gauges were available
in 2 and 5 mm lengths for the rosettes and the linear types
respectively and were small when compared to a model span of 1200
mm or deck width of 245 mm.

Choosing the strain gauge positions

For simplicity and ease of making direct comparisons with the
results from other published sources, it was decided to mount the
strain gauges at the midspan and quarter-span sections for all
four of the models tested.

These gauge positions also coincided with the loading points,
which were on the web centrelines at either midspan or quarter-
span sections. This form of loading was chosen to provide
results for the most elementary loading configurations. Hence, it
was anticipated that some local stress concentrations would occur
in the immediate vicinity of the Tloads but that these would not
affect gauge readings lower down on the webs, on the bottom flange
or at the edges and centre-Tine of the deck at the same section.

The transverse arrangement of gauges on the cross-sections
depended on several factors, the most important of which was the
amount of information that could be obtained from the various
types i.e. linear strain gauges, 0-90 degree two-gauge strain
rosettes and the 0-45-90 degree three-gauge strain rosettes.
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To find the normal stress at a point, it was necessary to know the
strain in the direction considered as well as either the strain or
the stress in the perpendicular direction - see Section 2.6.1.
Therefore, perpendicular normal stresses could be calculated
readily when using rosettes which measured the strains in
perpendicular directions. However, 1in the case of the linear
gauges, either the stress or strain for the perpendicular
direction had to be known or assumed before the normal stresses
could be determined.

Since the side cantilevers were not loaded, normal stresses ﬁn the
transverse direction in these members remained zero and thus only
linear gauges were required to find the Tongitudinal stresses.

Similarly, when the webs were loaded symmetrically, transverse
normal stresses in the top and bottom flanges remained zero and so
again only the linear gauges were needed to find the longitudinal
normal stresses. However, under torsional loading conditions,
transverse bending stresses occured in the flanges between webs in
addition to the Tlongitudinal normal stresses and therefore strain
rosettes were required to find the perpendicular normal stresses
at these positions.

To find the shear stress at a point, it was necessary to know the
strains in at least three separate (and preferably widely spaced)
directions at that point. These strains could be found by making
use of a 0-45-90 degree three-gauge rosette. These gauges were
consequently provided at positions where significant shear
stresses were expected to occur, such as in the webs under
symmetrical vertical loading conditions and in the top and bottom
flanges as well as the webs under torsional loading conditions.
Figure 2.4 shows the layout of gauge-positions used for Model 3,

which was typical for all the models.
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Figure 2.4 Typical strain gauge positions (Model No 3 shown).
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Figure 2.5 Typical setting of strain bridge for reading
strains.

A instability problem was encountered with the gauge readings,
which was the result of the heating influence of the reading
current and which severely slowed the rate of taking readings.
The result was that two more strain bridges similar to the above
had to be used to speed up the reading process. Each additional
instrument was connected directly to a single active gauge and
the appropriate dummy gauge. See figure 2.6 below for a basic
layout of the arrangement of instruments and their connecting

circuitry.
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[ ]
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Figure 2.6 Layout of instruments and connections.
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The theory and calculation procedure for finding the experimental
stress values are given in Section 2.6. These stress values are
plotted together with the theoretical stress diagrams in Figures
5.1 to 5.8, Figures 5.10 to 5.16 and Figures 5.18 and 5.19.

DERIVATION OF STRESSES AND PRESENTATION

Theory of elastic stress-strain relations

The theory describing elastic stress - strain relations as well as

strain - strain relations in two- dimensional stress systems is

~well documented in mos%lsiterature dealing with the strength of

materials and structures and can be summarised as follows:

Normal stresses acting in perpendicular directions

Assume the tensile stresses o, and o, are acting separately in

‘mutually perpendicular directions at g point in an elastic body.

The resulting strains are indicated in Figure 2.8 beTow.

y | a
?

1) - fEv e e
-

-

|
% - X -l
G—{l Bl | 2| L_"2
gy S’

0 } 4
: eformed element

S
f

Undeformed eilement

- Stress in x direction Stress in y direction Stresses combined

Figure 2.8 Stresses and strains acting on a rectangular

element in a two-dimensional linear elastic stress
system. : :

The total strains in these directions, €, and €,, are found by
superimposing the strains due to o, and o act%ng separately.

Taking tensile strain as positive, tﬁé equaf%ons for the strains
in each of the x- and y-directions can be written thus

€y (x) = (oy - vay)/E
€y (x) (0y - voy)/E ' (1)

and rewritten as

oy (x) E(€x + v€)/(1 - v2)

oy (x) E(€y + vE)/(1 - v2) | (2)
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Note that when a shearing stress t,, is present in addition to the
direct or normal stresses o, and o,, it is assumed that the
shearing stress has no effect on the direct strains €, and €, nor
does the direct stresses oy and oy, have an effect on the she%ring‘
strain Txy" :

It is clear from the above equations that in order to find the
normal stresses at a point, at least two of the variables oy, Oy,
€x or €, must be known.

Derivation of shear stress from known strains in 3 directions

For a two-dimensional system of strains, the Mohr's circle of
strain can be constructed if the direct and shearing strains in
two mutually perpendicular directions are known. Hence, it
follows that the direct and shearing strains in any direction can
be found if the direct and shearing strains in two mutually
perpendicular directions are known.

Consider a rectangular element of material, OPQR, in the xy-plane
as given in Figure 2.9 below. All strains are considered to be
small. , _ ,

‘ éxy sin 8
_[;' _____ S
E',sine-F [ a //7’7
| s &4 |
sin8 '|['xy 1/ < / '
/ 2 \Q\ [
5 \/ )
0 cos 8 R R
€ cos 8
Figure 2.9 Strains in the Ox and Oy directions and along the

inclined direction, 0Q.

- The direct strain on the diagonal 0Q can be determined as follows,

given that the direct strains, €, and €y and shearing strains Txy
in the Ox and Oy directions are Enown. _

When the rectangular element is strained, side OR extends by
€4cosO and side OP by Eysine. Also, the side OP rotates through a
small angle TxXy due to” the shearing strain and point Q moves to
point Q'.
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‘Therefore, the movement of Q para11e1 to Ox is
€,C0s0 +_¢xysine, y |
and the movement parallel to Oy is
Eys1ne 7 - v
The movement of Q parallel to 0Q then is
- (€ycos0 + Txysine)cose + (Eysine)sine
Since the strains are smé]], this is approximaté]y equal to the -
extension of 0Q in the strained condition and since 0Q is of unit
length, the extension is also the direct or normal strain in the
direction of 0Q. This can therefore be denoted as follows
€ = (€ycosB + Txysine)cose + (Eysine)sine
and may be written in the form
€ = Excosze + Eysinze + Txysinecose (3)
The above equation can be used to find the shearing strains as
well as the perpendicular normal strains for any orientation of
the x and y axes by using the three strain readings given by the
0-45-90 degree rosettes at the same point. Since the 0--and 90-
degree gauges were always lined up with the x and y axes on the
model and using the above equation, the following three equations
could be written for the three gauges
€p = €x-12 + €,.0 + 7y,.0.1

= €(0.71)% + €,(0.71)2 + 7,,(0.71)?

m
=
ot

1

€gp = €x-0 + €,.12 + 7y, 1.0

and more conveniently rewritten as

€ = €
xy = 2(645 - 0.5€p - 0.5690)
€y = €gp (4)

From the above the direct stresses could be found using the
equations developed in 2.6.1.1 above. The shearing stress is
found using the following equation

txy = GTxy : (5)
where

G=E/2(1 +v) | - (6)



2.6.2

2.7
2.7.1

1 2.7.2

2.7.2.1

18

Calculator program for strain-stress conversion

A program was written for a Hewlett-Packard 41C calculator whereby
a single average strain was calculated using the six readings -

-taken per gauge(i.e. for the unloaded, loaded and again unloaded

conditions repeated for two loading sequences) and from which the
stress was then calculated. '

 PROPERTIES QOF PERSPEX

General

"Initially, after a lengthy but unsuccessful search for suitable

literature on the properties of Perspex, it was decided to do

"~ tensile tests to establish a value for the Young's modulus and to

use certain of the strain rosette readings from the model tests to.
determine the Poisson’s ratio.

Later, following completion of the tests, enquiries to the AECI

.companyxgghich manufactures Perspex, produced a comprehensive

brochure giving all the important properties of this material.
This brochure shows that both temperature and the rate of
application of stress or straining have a considerable influence

“on the elastic modulus and Poisson's ratio values. The effects of

these are briefly discussed in 2.7.2.

The values derived from the tests were found to be close to those
given in the AECI brochure for a temperature of 20°C and short
term testing, which are the conditions nearest to those in the
laboratory where the tests were done. Sections 2.7.3 and 2.7.4
deal with the selection of appropriate values for E and v.

The effects of temperature and straining rate on the elastic

modulus and Poisson's ratio of Perspex _ -

Elastic modulus

The AECI brochure(9) considers several types of elastic moduli -
the initial tangent, tangent and 1% secant moduli in tension; the
flexural modulus; the compressive modulus and the apparent Young's

modulus - for a range of temperatures and straining rates.

Figure 2.10 below illustrates the influence of temperature on some
of the moduli and shows the similarity of the rates of change of

‘the varijous moduli with temperature. It is also clear from the

graph that the magnitudes of initial tangent moduli in tension and
compression as well as the flexural modulus are substantially
similar at a given temperature and rate of strain.
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Figure 2.10 Effect of temperature on the 1 minute flexural
' modulus and the tensile and compressive elastic
moduli for a straining rate of 1 % per minute.

The influence of the rate of straining on the 1% secant modulus at
a given temperature is shown by Figure 2.11 and it can be assumed
that the effect of straining rate on the other types of moduli
referred to above will be similar on a pro rata basis.
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Figure 2.11 Effect of straining rate on the 1% secant modulus

at 20 °C.
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2.7f2r2 Poisson's ratio

2.7.3

2.7.4

Essentially, according to the brochure(g), for small values of
strain, the Poissons's ratio for Perspex remains constant over the
-25°C to +50°C temperature range. At temperatures above 100° C,
where large deformations can occur, Poisson's ratio approaches a
value of 0.5. _

As far as the 1d%3ence of straining rate is concerned, a short

term (6 hours) design value of 0.39 and a long term (10 years)
design value 0.40 is given.

Choosind a suitable value for the Modulus of Elasticity of Perspex

The tensile tests, performed on samples taken from the same sheets
of Perspex as used for building the box-girder models, produced a.
value of 2918 MPa for the Elastic modulus. This value represents
the initial tangent modulus in tension for a temperature of
between 18°C to 22°C and a straining rate of about 0.3% per
minute.:

The equivalent value given in the brochure is 3357 MPa for a
temperature of 20°C and a straining rate of 1% per minute and
which, if adjusted for a straining rate of 0.3% per minute, using
figure 2.11 above, becomes 3185 MPa. This figure is about 9%
higher than the test value. ’ ' :

However, since the tensile tests were carried out using samples
from the same sheets of Perspex as used for making the models and
since the test values compared closely to those given in the
brochure in any case, it was decided to rather use the test value
for this thesis, i.e. 2918 MPa.

Choosing a suitable value for the Poissons's Ratio of Perspex

The value of Poisson's ratio, derived from the strain rosette
readings of the model tests with symmetrical loading - i.e. for
which the transverse normal stresses were theoretica]]y zero - was
0.39. This value represents the Poisson's ratio for short term
testing at a temperature of between 18°C and 22°C.

The equivalent value from the brochure, defined as being for short
term testing at a temperature of 20°C, is 0.38, which is close to
the value from the model tests given above. The brochure also
gives short term (6 hours) and long term(10 years) design values
of 0.39 and 0.40 respectively.

Since the test value is confirmed by the information from the AECI
brochure, it was decided to use this value of 0.39 for this
thesis. _
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REVIEW OF THEORY OF ANALYTICAL METHOD

- GENERAL

The hand method proposed by Maisel and Ro11(7), the theory of
which is discussed here, basically treats the analysis of box-
beams as the summation of the stresses arising from a number of
independant structural actions. Typical examples of using the
hand method in analysing the loadcases used for the experimental

~testing of models are given in APPENDIX E.

Distortion and warping

Apart from simple beam action, there are two major types of
structural action that occur in box-girders: distortion or
deformation of the cross-section and warping of the cross-section
(defined as an out-of-plane d1sp1acement of points on the cross-
section).

The typical forms of loading g1v1ng rise to distortion are shown
~in Figure 3.1 below.

Figure 3.1 Distortion of cross-section due to symmetric
(bending) and anti-symmetric (torsional) loading.

Warping of the cross-section is most conveniently described with
the aid of Figures 3.2, which are for a box-girder under torsional
loading.

Firstly, consider a box-girder with cross-sections which are
prevented from distorting by the presence of rigid diaphragms.
The diaphragms are assumed not to restrict longitudinal
displacements from taking place. Figure 3.2 (a) shows the
twisting of the cross-section without distortion and Figure 3.2
(c) shows the resulting longitudinal warping (torsional warping)
displacements (dashed line) which are associated with shear
deformations in the planes of the webs and flanges. The midspan
deflections of the webs are denoted by a;. Note that, due to-
symmetry, no warping occurs at the midspan section.
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The second stage is to assume that the rigid diaphragms are
removed so that distortion of the cross-sections can occur. This
is shown in Figure 3.2 (b), with the additional vertical
deflection of each web denoted by ajis. As a result, additional -
twisting of the cross-sections taﬂe place and therefore also

additional warping displacements (distortional warping) which are
associated with bending in the planes of the flanges and webs -
see Figure 3.2 (c). Again, due to symmetry, no Tlongitudinal.
dispacements occur at midspan.

3

.
T—*—— — ==

-
—_— e ——
-\~

deflected position
Figure 3.2(a) Twisting of midspan cross-section without

distortion
adis
oo

{ { ddis
T = [
: L

Figure 3.2(b) Additional twisting of midspan cross-section with
distortion

Undeflected form of structure

——-—— Deflected form of structure with rigid
transverse diaphragms all along the span

Deflected form of structure after removal
of diaphragms between supports
“Figure 3.2(c) Warping of the box-girder cross-section due to the
’ midspan twisting components in (a) and (b) above.

The two components of warping displacements, described above and
which occur in box-girders under torsional loading conditions,
give rise to longitudinal normal stresses (warping stresses) when
the warping displacements are prevented, for example by symmetry
at the midspan section or at a support where there is continuity.
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The longitudinal normal warping stresses can significantly
increase the total longitudinal stresses above those values
predicted by simple bending theory. The authors state that
distortion of the cross-section is the main source of warping
stress in concrete box-girder construction, in those situations
where distortion is resisted mainly by transverse bending.

- A third form of warping arises when a box-girder is subjected to

bending without torsion. This type of warping, known as shear lag
in bending, results from shear deformation in the planes of the
flanges and causes the longitudinal bending stresses to decrease
away from the webs. This effect is more pronounced in
configurations with wide side cantilevers and widely spaced webs
and affects the effective widths of the flanges in bending.

Shear lag can also occur in box-girders subjected tovtorsionl but
this aspect is not taken into account by this analysis. See
Figure 3.3 for an illustration of shear lag in bending.

————— undeflected form of structure

deflected form of structure

Figure 3.3 Shear lag in bending.

Methods of elastic analysis

The following methods of analysis are used to analyse the various
structural action types and collectively make up the recommended
method.

Longitudinal bending and shear and St Venant torsion is analysed
by using simple beam theory.



3.1.3

24

Torsional warping_js dealt kE? by‘é'method'developed by

Kollbrunner, Hajdin 5) "and Heilig
Vlasov. -

from work originally done by

Distortional warping together with transy ?T%e bend1ng analysis is
by the beam-on-elastic-foundation ana]ogy

Shear lﬂg is dealt with by the method given by Schmidt, Pe11 and
Born(1 Note that this method was chosen after th? 8 thod
presented by Maisel and Roll in their technical report was

found to be unsuitable - see Section 3.5.

Local bending effects due to loading between webs and on the
cantilevers are determined by means of influence surfaces for
plates.

The various calculated stresses found for the above effects are
superimposed to give the total or combined stresses.

These individual methods are discussed in detail in the following
sections.

Definitions for thin-walled members'

The theories relating to torsional warping and St Venant torsion,
were originally developed for thin-walled members. Criteria for
the definition of thin-walled members, associated with each of
these, are given. :

Vlasov, on whose work the torsional warping theory is based,
defines a thin-walled beam as a structure having the form of a
long prismatic shell where the shell thickness is small when
compared to any characteristic cross-sectional dimension and the
cross-sectional dimensions are also small in comparison to the
length of the shell. His criteria are as follows:

shell thickness < 0.1
width or depth of cross-section
and
width or depth of cross-section < 0.1
length of shell v : (7)

Maisel and Roll claim that the first criterion is often not
satisfied by concrete boxbeams but that Vlasov's theory has
nonetheless been used for analysing them.

Kollbrunner and Bas]er(4), in dealing with the theory for St
Venant torsion, give the following criteria for identifying thin-

- walled sections:

The first is: “There is less than 10 % error in calculating the
shear stresses for a hollow cross-section with constant wall
thickness, if the effective area of cross-section is less than
one-fifth of the area enclosed by the wall centre-lines". This -
condition is usually not satisfied by concrete boxbeams. Note
that the effective area of cross-section is the area of the cross-
section without the side-cantilevers, i.e that of the closed
section.
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The second criterion is: « "There less than 10% error in the
calculated internal torsional moment if the effective area of
cross-section does not exceed the area enclosed by the wall
centre-lines" - a condition which is usually satisfied by concrete
A more general form of the above criterion for cases
where the wall thickness varies around the perimeter is given in
3.2.2. :

Notation and sign convention
Notation

The notation used by Maisel and Roll, and also used here, is in
accordance with an internationally agreed procedure for the
selection of symbols. Where equations and algebraic expressions
were taken from sources other than the Maisel and Ro]] report,
these were adapted in order to maintain conformity.

A list of the symbols used here, together with the appropriate
descriptions and definitions are given in the "Notation" section
on page (viii).

The symbols for cross-sectional dimensions and the positions.of
selected reference points on the cross-section at which the
various stresses are determined, are shown in Figure 3.4.
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Figure 3.4 Cross-sectional dimensions and reference points.

Sign Convention

A right-handed system is used for the coordinate axes so that, for
a horizontal beam, the x and y axes are the horizontal and
vertical axes of the cross-section respectively and the z axis the
longitudinal axis in the direction of the span.

The y axis is taken as positive downwards so that loads and
deflections due to gravity are positive quantities. Figure 3.5
shows the typical orientation of the coordinate axes in relation
to a box-girder.



Figure 3.5 Orientation of the Coordinate axes.

The position of the origin of the x and y axes within the cross-
section is taken as the centroid for longitudinal bending
analysis, as the shear centre for torsional warping analysis and
as the geometric midpoint of the closed portion of the cross-
section for the distortional warping analysis. :

The origin and positive directions for the périphera] coordinate,
Sper: 1s shown in Figure 3.6.

Origin for co-ordinate Spe,.

|

i X 1‘- Mid- line of wall

Figure 3.6 Origin and positive directions for the peripheral
- coordinate, Sper-

Displacements and rotations are positive if they are in the
directions shown in Figure 3.7 (a). The positive direction for"
distortional displacement of the cross-section under antisymmetric
loading is given by Figure 3.7 (b).

3z
- % N9y
P R
6x
D

Figure 3.7(a) Positive directions for diplacements and
rotations. ‘
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1

Figure 3.7(b) Positive distortional displacement under
antisymmetric loading.

A positive face of cross-section is a section on which the
external normal is in the positive direction of the longitudinal
or z axis. Similarly a negative face is one for which the
external normal is in the negative direction of the z axis.
Generally a positive face is used when analysing a section within
the span and a negative face for analysing a section at a support.

The positive directions for internal stresses, stress resultants
- and applied or external loading are shown in Figure 3.8 below.

My, ext
My,exf

Applied loading Intemal forces

Figure 3.8 Positive directions for internal stress-resultants
and external applied loading.

A11 stresses referred to in this thesis are internal resistive
stresses arising from the application of the external loading.

The sign convention for normal stresses and shear stresses acting
on a cross-section is as follows:

Normal stresses are regarded as positive if, for a positive face
of cross-section, they act in the direction of the positive z-
axis. Also, normal stresses acting in the negative direction of
the z axis for a negative face of cross-section are positive. It
thus follows that tensile stresses on a cross-section are always
positive. ' S '
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Shear stresses are positive if ‘for a positive face of cross-
section they act in the pos1t1ve direction of Sper the peripheral
coordinate. ‘ v _

Transverse bending stresses, associated with distortion of the
cross-section and hence also with the deflected shapes shown in
Figure 3.1, are simply plotted on the tension face of the cross-
section.and therefore do not require signs.

. Note that since the stress resultants or internal forces are
- summations of 1nterna1 stresses, they must naturally follow the
same signs. ' :

In Figure 3.8 above it may be noted that the positive directions
for the internal stress resultants acting on the positive face and
those for the external loads acting on the member are the same.

ANALYSIS OF SIMPLE BENDING AND ST VENANT.TORSION

The structural effects ignored in this analysis are torsional and
distortional warping, shear lag and distortion.

Simple longitudinal bending and shear

In this section, the torsional components of external loading and
their effects are not considered. For example, in horizontal
beams, vertical loads are treated as if they are equally shared
between webs, irrespective of their actual lateral position.

The bending moments and shear forces along the length of the beam
are determined by simply using the basic equilibrium equations for
statically determinate structures or in the case of continuous
structures, any convenient method of elastic ana]ys1s - e.g.

moment distribution or virtual work.

Once the bending moments and shear forces are known, the
longitudinal normal stresses at the midlines are found from the
following equation assuming sect1on is thin-walled and that
cross-sections remain plane.

flbg = _x+__
v T (8)
where
f]bg = midline normal stress in longitudinal bending
X,y = coordinates of a point on the mid-line, referred to the

centroidal axes

IX,Iy = moments of inertia of the entire cross-section about the
centroidal x and y axes respectively :
My,My = bending moments about the centroidal x and y axes
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In practice, the hor1zonta1 loads which give rise to bending about
the y-axis, are generally small in comparison with the
vertical 1oad1ng a%d their effects are as such not considered

The shear stresses arising in longitudinal bending are found by
establishing boundary conditions for shear at points A,C and E and
then analysing the half-section, ABCDE, as an open section - see
Figure 3.9. By symmetry, the longitudinal shear at points A and E
are zero and it follows that the complementary shear stresses in
the plane of the cross-section at these points are then also zero.
Similarly, since there is a free edge at point C, the longitudinal
and complementary shear stresses are zero.

t
' Vlbg=o
o Ay’ H
I 4
. x ¢
11
i _
0 ElN F
. Vlbg'-'o
Figure 3.9 Boundary conditions for shear stresses.

The half section, ABCDE, is ana1ysed g means of the following
equation given by Kollbrunner and Basler(3):

= -V, (Ay), .
"1bg SR (9)

where

Vipg =  shear stress in longitudinal bending

Vy = shear force in the vertical or y direction acting on.
the half cross-section ‘

h = thickness of wall at the section being considered

(K})% = first moment of area of the partial half cross- sect1on

about the centroidal x axis - see Figure 3.10

J | K '
' 2 R A2 |74 .
i

“w =

Fighre 3.10 (Ay)y, at J,K or L is the first moment of area of
the ?haded areas about the centroidal x axis.
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‘Typical diagrams, showing how both the bend1ng and shear stresses

in longitudinal bend1ng are plotted, are shown in Figure 3.11.

Midspan point loads

A
A— ' o
_._.\
L / 4 —_——
/ \ Nl
T T j—-—-
T #
(a) Bending stresses (b) Shear stresses
Figure 3.11 Typical bending and shear stresses in 1ong1tud1na1
bending.
3.2.2 St _Venant torsion

For single span members, where no torsional rotation is possible
at the supports, the internal torsional moment diagram is found by
simply using a ratio of the relative torsional stiffnesses of the
member between the section being loaded and the supports on either
side. These ratios are expressed in terms of longitudinal
dimensions and are given for both concentrated and distributed
loading - see Figure 3.12.
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In continuous members subjected to torsional loading, supports
preventing torsional rotation also prevent the carry over of
torsion into the next span and hence the internal torsional moment
can be determined as for a discontinuous member. Supports not
affecting rotation can be neglected in the torsional analysis
altogether. The special case of elastically rotating supports is
not considered in this analysis.

(It is important to note here that the internal torsional.moment
resisting the externally applied torsional loading at a section is
made up of the sum of the moments due to St Venant shear stresses
and to torsional warping shear stresses.)

The following expression, given by Kollbrunner and Bas]er(4), is
used to find the St Venant shear stresses for a section that can
warp freely: :

R 2 e i - | (10)

where

Veyt =  shear stress in St Venant torsion at the mid-Tine of
wall : :

h = thickness of wall of closed portion of cross-section at

the point considered

Toyt =  internal torsional moment in St Venant torsion at the
section being considered

Aepc = area enclosed by the mid-lines of the walls of the
. closed portion of the cross-section

For thicker-walled sections, the authors give the following

equation for adjusting the values found in equation 10 above:

S Vsvt h Toyt.
Csvt (11)
where

8 Vgyt = the increment in St Venant shear stress over half the
thickness of the wall :

Covt = ~ torsional moment of inertia of the cross-section in St
Venant torsion
= 442
-t e
§d5per7ﬁ

and where

dSper.= b+ b+ _2d
jﬁ- R htop hhot hweb
Sper = peripheral coordinate along the mid-1line of the wall

JE = integral along the midline of the wall of the closed
portion of the cross-section.
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See Figure 3.4 for the notation of cross-sectional dimensions.

Typical St Venant shear stress d1agrams for both thin- and th1ck-
walled sections are g1ven in Figure 3.13 below.

I b, ®Vsvt
+ ] + .
+L 1-’- §+L 14-;
| - - B S I
+ +
-(a) thin-walled (b)thick-walled
Figure 3.13 Typical diagrams for shear stresses in St Venant
torsion.

From equations 10 and 11 above, a more refined form of the
Kolbrunner and Basler criterion for thin-walled sections referred
to in 3.1.3, which takes the effect of varying wall thicknesses
around the perimeter of the cross-section into account, can be
derived.

*+ b+ 2

8 Vsyt. = D

Vsvt 2Aenc[htop hhot hweb (12)
and also '

8Tgyt/Tsyt = [b(h3top * h3bot) * 2dh3web]/3csvt (13)
where

dTgyt = increment in Tg¢ due to the antisymmetric shear stress
distribution measured by Svgyt.

These equations can therefore be used to calculate the percentage
errors in the shear stresses and the torsional moment due to the
influence of wall thickness. .

It is recommended that if the error in the torsional moment
exceeds 10%, the section should be regarded as being thick-walled
and that the value of Cq should be modified by add1ng on a
correcting factor§Cqy¢ wh1c% is found thus:

8Csyt = J b3 dsper / 3
[(b + 2bcant)h3top + bhpoy + 2dh3ep]/3 (14)

where

bcant = Dbreadth of cantilever
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ANALYSIS OF TORSIONAL WARPING

(Kollbrunner, Hajdin(5) and Heilig(2))

For the torsional warping analysis it is assumed that no
deformation of the cross-section occurs. Shear .lag in warping as
well as a minor effect causing transverse normal stresses constant
through the wall thickness, are not considered.

The theory of torsional g?rping presented here was developed by
Kollbrunner and Hajdin( from work by Vlasov for thin-walled
beams of both open and closed undeformable sections. Their
method, in which the shear deformation due to torsional warping is
taken into account, determines the longitudinal torsional warping
stresses, torsional warping shear stresses and indirectly also the
St Venant shear stresses at any section along the span.

Torsional warping occurs when a box-girder is loaded by torsional
moments within the span as shown in Figure 3.14. Torsional warping
stresses, which act normally to the cross-section in the
longitudinal direction, arise when the warping displacements are
restrained, for example by symmetry at midspan of a member or at a
continuous or built-in end. These stresses vary around the

-perimeter of the cross-section as well as along the beam. As a

result torsional warping shear stresses also occur in the
longitudinal direction together with complementary shear stresses
in the plane of the cross-section. Both the torsional warping
stresses and torsional warping shear stresses are assumed to be
constant through the wall thickness. Typical diagrams of
torsional warping stresses and torsional warping shear stresses
are. shown in Figure 3.14,

Midspan concentrared

A —l torsionat  moment . Tot A—
. —_— e Text
A = x T = ER—
| A== - 2
{oading internal  torsicn moments olong span
App.iizd mome vt T
at midsgan ext
o B S M
g ?’/ 7 \Cl l hs ] I_T——j
J J I
4l =
I 0 ‘ 1
. V : =
reqctive momant
at support
warping stresses (longrtudinal } worping shegr stresses
Figure 3.14 Typical torsional loading, torsional warping

stresses and torsional warping shear stresses.



35

As stated before, the -internal torsional moment resisting the
- externally applied torsional loading at any section is made up of
the sum of the torsional moments due to St Venant shear stresses
~and due to the torsional warping shear stresses. Figure 3.15
illustrates a typical distribution of torsional warping stresses
along the span and the relationship between the torsional moments
due to torsional warping shear stresses and the St Venant shear
stresses. The longitudinally localized nature of torsional
warping stresses is also apparent from this diagram. It will be
shown later that the resultant internal torsional moment due to
distortional warping shear stresses is zero since the applied
torsional moment is only equilibrated by the sum of the moments
from the St Venant shear stresses and the torsional warp1ng shear
stresses.

Midsoon mncenrrarea
torsiopat  moment
. Toy

f
—— —e §

E Texr

B
}

ternat torsion moments

Moment due to St Venant
- shear sfressss

!/‘ Moment due te torstonal
/ _} - waroing shear stresses
e

! ) B . i
tongrtuginat  distribution dwiston af shear sfresses :

Figure 3.15° Typical longitudinal distribution of torsional
warping stresses and the relationship between the
internal torsional moments due to torsional
warping shear stresses and due to St Venant shear
stresses.

The following definitions and expressions form the essence of the .
method proposed for the torsional warping analysis of box-girders:

The bimoment By, is a pair of equal and opposite moments in
parallel planes which represent a warping force group with zero
longitudinal force resultant and zero moment resultant by
definition. Figure 3.16 shows a pos1t1ve bimoment for the
horizontal or x-axis.
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Figure 3.16 Warping force group and bimoment.

1t follows that bimoments cannot be found from the equilibrium
conditions of a beam, since self-equilibrating quantities do not
affect equilibrium. Therefore, the bimoments of torsional warping
can only be found when the deformations representing angle of
twist and the second derivatives with respect to the longitudinal
coordinate are known. The torsional warping bimoment 1is given by
the expression:

Btwr = %( ftwr Wewr dA | (15)

where

A = total area of the cross-section including the side
cantilevers

Tiwr = torsional warping stresses

Wiwr = sectorial coordinate in torsional warping, referred to

. the shear centre

The sectorial coordinate Wewr is defined as

e 2 h)dsper

wewr = [ (38 = Csyt/ 2 Aenc Mdsper” (16)
0 _

where

ag = the perpendicular distance from the shear centre to the
tangent on the mid-1ine of wall at the point considered

Csyt ~ 1s defined for equation 11

Aenc | is defined for equation 10

h is the wall thickness at the point considered

Sper =  the sectorial coordinate along the mid-Tine of the wall

- see Figure 3.6

Note that the term Cgy¢/2Agpc.h is included in the integrand for
integration around the wa]f of the closed section only - not the
side cantilevers. Also, wg,, Can be regarded as being positive if
anti-clockwise integration about the shear centre produces a
positive quantity. See Appendix E for a typical diagram of the
sectorial coordinate plotted around the cross-section of Model 3.



37

The position of the shear centre is given by the expression:

dshe = b2 d [ (Kyz + Kyg + Ky + Kyg)/ Ky7 171, (17)
where _

| dghc =+ depth of the shear centre below mid-1ine of top slab
Iy = moment of inertia of the ent1re cross-section about the

centroidal y-axis
b, beant: d, htop: Pweb and hpot are shown in Figure 3.4
% bhpot hyep(bhpot/3 + 3dhyep)

Kig = bdhtop (hzbo’c/6 - 1fthzweb)

~ .
—
w
Ui

K15 = shtop Mbot hweb(bz/6 +d?)
Ki6 = bcant Ntop Mbot Mweb(Pcant * b)
Ki7 = bhyep(Ntop + hpot) + 2dhiop Npot

The torsional warping moment of inertia of cross-section Ctwr is
defined as:

Cowr = S W2ty dA , + (18)

The torsional warping stresses and torsional warping shear
stresses are formulated in terms of internal stress resultants
represented by the bimoment B¢, and the torsional moment Ty,
respectively. The sectorial coord1nate Wty and the var1ous
torsional moments of inertia of cross- sect1on Ctwr Ccen and
Csyt, also appear in these equations which are given later on.

Algebraic expressions for B¢y, and Ty,p, as well as for the
torsional moment due to St Venant shear stresses Tgyt and twist
about the shear a (if 7, are g1ven in Tables 9 to 15 in the Maisel
and Roll report for the various loading types and support
conditions shown in Figure 3.17. These expressions are presented
in terms of the applied torsional loading as well as the
following:

= 1
Kig = vhcsvt/Ethr (19)
and '
Kig = Ceen——

Ccen = Csvt ’ - ' (20)
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- where
Ctwr = K19 Ctwr | - v | (21)
Cecen =  central torsional moment of inertia of cross-section
= [a?g dA | (22)

A
The functions for By,n(2z), Ttur(z), Tsyt(z) and 04,,.(z) applicable
to this thesis, i;éq forlcowcentrated'applied t3¢siona1 loading
with no warping restraints at the ends, are reproduced in
Appendix B. ‘ ‘

In the case of continuous box-girders, only supports providing
full torsional restraint are dealt with - elastically rotating
supports are not considered. Also, for the torsional warping
analysis of continuous members, it is assumed that full warping
restraint occurs at continuous ends.

text--— § t“t—.‘ § 3 taxt*--
A A N N N A
P N 82 i ‘ a .82 " .8 . L3 "
T T T r T 1 L T 1
Concentrated torsional moments
text text ; text
N R 3
\\ \
A AN N N A
| ! | l ! } | ! |
T T { 1 T
Uniformly distributed torsionsl
loading over sntire span '
t ext —s—em A Support providing full torsionsl rotational
A A res;raint but no werping restraint
Support providing full torsional rotstionsl
,Laa % 2 l 2 % § restraint and full warping restrsint

Uniformly distributed torsionsal
loading over portion of span

Figure 3.17 Configurations of loading types and support
conditions for which expressions for Btwr(z)v

Tiwr(Z), Tgyt(z) and 84,.(z) are given.

The torsional warping stresses fy,, are found from the following:

fowr 0 BtyrWiwn
wr g;wr.wr (23)

The form of this expression is similar to that of equation 8 for
simple bending. In loadcases where eccentric loading is applied
(torsion and bending), the longitudinal normal stresses fy,, due
to torsional warping and fyp, due to simple bending are
superimposed to give the total Tongitudinal normal stresses.
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The torsional warping shear stresses Vtwf are given by:

cen

Viwr = I.wn_gﬂtgnLQEpen

svit | | B (24)
where, for a single-cell section '
thwr/dsper = ag - Cgyt/2 Agpc h | (25)

The method for evaluating dwiwr/ dSper is shown in Appendix E as
part of the analysis example for Modgﬁ 3 Loadcase 2.

Finally, the St Venant shear stresses vg,+ and dvg,+ are found
using equations 10 and 11 from section 3.5.2 and Tg,¢ calculated
by means of the appropriate expression from Tables 9 to 15.

ANALYSIS OF DISTORTIONAL WARPING

(Beam-on-elastic-foundation ana]ogy(lz))

Torsional warping and shear lag in warping as well as a small
effect giving rise to transverse normal stresses constant through
the wall thickness are not considered here.

An analogy exists between the distortion of the cross-sections of
a single-cell boxbeam and the flexural behaviour of a beam on an
elastic foundation. The basis of the analogy is that under
torsional loading the top and bottom slabs provide a continuous
elastic support along the webs which then behave like beams
supported on an elastic foundation.

Shear deformations in the planes of the flange and web elements
become important for distortional analysis as the distortional
stiffness increases, but according to the Maisel and Roll report
it may be neglected for the distortional analysis of concrete
boxbeams. :

As in the case of torsional warping, the pattern of warping
displacement is such that the distortional warping stresses, which
act normally to the cross section, vary around both the perimeter
of the cross-section as well as along the length of the box-
girder. Hence longitudinal shear stresses arise resulting in
complementary shear stresses in the plane of the cross-section -
i.e. distortional warping shear stresses. These stresses are
assumed to be constant through the wall thickness in the theory
presented here. Concurrent with the above stresses, and as a
result of the distortion of the cross-section, transverse bending
stresses occur which vary through the thickness of the flange and
web elements. Typical diagrams of all these types of stresses are
shown in Figure 3.18.
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Figure 3.18 Typical torsional loading, distortional warping
' stresses, distortional warping shear stresses and
transverse bending stresses. :

Note that there is a zero resultant internal torsional moment due .
to distortional warping shear stresses since the applied torsional
moment is equilibrated by the sum of the torsional moments due to
torsional warping shear stresses and St Venant shear stresses.

Figure 3.19 illustrates the typical longitudinal distribution of
distortional warping stresses. It can be seen from the figure
that the distortional warping stresses are less localized
longitudinally than the torsional warping stresses are.

Midgpan cancentrated
torsionat moment

TAY JAY

Figure 3.19 Distribution of d1stort1ona] warp1ng stresses
' along the span of the beam.



41

The following definitions and’éxpfessions are used in the method -
proposed for distortional warping analysis for box-girders:

The bimoment By, defined before for torsional warping, is a pair
of equal .and opposite moments, acting in parallel planes, which
represent a warping force with zero longitudinal force resultant
and zero moment resultant - see Figure 3.16. In the context of
the beam-on-elastic-foundation analogy, the bimoment Bg,, is
~analogous to the bending moment in the beam. Similarly, the
distortion of the cross-section is analogous to the deflection of
the beam. Diaphragms in the beam which prevent distortion but not
longitudinal warping correspond to unyielding simple supports of
the beam. End supports which prevent both distortion and warping
are analogous to built-in supports of the beam.

The distortional warping coordinate wy,, is shown in Figure 3.20
below.

(t2ocam .v bd
b 4(1+Kye)
N
]
L,,7/ AN

4 (14K 28
. _| L Kasbd
4 (1+Kos,
,/:é/”’///’ 0 ONU | Kysbd

4(1+Kas)

Figure 3.20 Distortional warping coordinate Wdwr *

Kog is found from:

Kog = '3 + Kg. :
23 3K | (26)
where
Ke = bhygo. b+ 2beant1® |
° ahoop- [F—"peant] (27)
Ky = bhpot.
dhywep (28)

The distortional warping moment of inertia of cross-section Cy,
is given by:

Cawr =  b2d3h opKa_

QWr —_fZ§WEb 4 (29)
with |

Kg = 3+2(Kg + Kp) + KeKy

6+K6+K7 o (30)
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The frame stiffness Elf,, is obtained from:

Tepn = 28 Loop.
fra | _Kaggeb .(31)
Where‘
Kpg = 1+ 2b/d + 3(Ltop_t Ipot)/Ineh
.(Itop + Ibot)/,Iweb + 6d toprotysfzweb (32)
and '
Tiog = h34on_ ’
top 12(PP ) ' (33)
[ = W | _
~“bot 1207t v2) (34)
I = f_l_g D~ -
web 1201 - v2) » ' (35)
vV o= Poisson's ratio
E = Young's modulus of elasticity

The various stresses associated with distortional warping and
transverse bending, as described, are formulated in terms of the
bimoment By, the first derivative of the distortional warping
bimoment dBj,,/dz and the angle of distortion of the cross-section
Birp- The sectorial coordinate wgy,,, the distortional moment of
inertia of the cross-section Cy, as well as material properties
and terms based on cross-sectional dimensions, some of which are
shown above, also appear in the equations which are given later
on.

Algebraic expressions for By,,, dBy r/93 and Bipp are given in
Tables 16 to 20 in the Maisel and RoT1( report for the various
“ loading types and support conditions shown in Figure 3.21. These
expressions are given in terms of the applied torsional moments
Text: the frame stiffness Ifp,, the modulus of elasticity E, Cgyyp
as well as trigonometric functions involving span Tength and
loading positions. ‘

The functions for Bgy,.(z), dByy.(2z)/dz and Bipp(z) applicable to
this thesis, i.e. for concentrated applied torsional loading with
no warping restraints at the ends, are reproduced in Appendix C.
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Figure 3.21 - Configurations of loading types and support
_ ~conditions for which expressions for By,.(z), "
- dBy,,r(z)/dz and Bi,p(z) are given.

The distortional warping stresses fqwr are found using the
expression:

fawr = BdwrYdwe -

G (36)
Again, as in the case of equation 23, the form of the above
expression is similar to that of equation 8. In loadcases where
eccentric loading is applied (bending and torsion), the
fongitudinal normal stresses fy,. due to distortional warping and
f1pg due to simple bending are superimposed to give the total
londitudinal normal stresses.

The distortional warping shear stresses vy, are given by the
following: :

Vawr = _ 4Bgwr/dz _x Kog bd v
“Edwr. X 4(? + K25) (37)

where

Kog is as defined above

Kog is given for various p?}?ts on the cross-section in Table 2 of
tﬁe

Maisel and Roll report which is reproduced here in Appendix
D. The equations for Kyg are written in terms of the following:

Koq = b + 2b
29 -—-E-—cant- (38)

and
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- Atop = bhtop :
Acant = bcant Ntop
.Aweb = dhyep ' o
Apot = bhpgt | (39)

Finally, the transverse bending stresses fi., are détefmined by
means of the following:

firb = 6 Mtpp/h? (40)

where | V

Mtpp =  transverse bending moment due to the loading causing
- distortion

h = wall thickness

firb = transverse bending stress at the surface of web or

flange elements

The transverse bending moments due to the loading causing
distortion are:

at the top of the left-hand web

Mtrb,B = E_lfra_&tsb-

2(1 + K30 (41)
and at the bottom of the left-hand web
Mirb D = - X30E Lfra Btrb.

' 3?1 + E30) r (42)

where
K3op = = 3+ blyep/dltop.

3+ blep/dlpor (43)
and '

Btyp is the distortional angle (a measure of the distortion of the
cross-section) found from the expressions given in the tables
referred to above.

Mirp B 1S positive for positive By, which gives compressive
‘transverse stresses on the outer surfaces of the top flange and
webs at B. Mi,.p p is negative for positive B, and gives tensile
transverse stresses on the outer surfaces of the web and bottom
flange at D. Note that B and D are reference points on the cross-
section as given in Figure 3.4. Figure 3.18 above shows a typical
transverse bending stress diagram.
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ANALYSIS OF SHEAR LAG

- at Imperial College

(Schmidt, Peil and Born(ll))

The structural effects not considered.here are shear lag in
torsional and distortional warping.

Although shear lag can arise in torsion, Maisel and Ro11(7) only
consider it for the case of bending without torsion. A method of
analysis for shear lag based on the work of Reissner(10) §s
presented in their report. Reissner uses the principle of minimum
potential energy to obtain expressions for the longitudinal
bending stresses in a doubly symmetric rectangular box-section

~ (i.e. without side cantilevers) with uniformly distributed loading

over the full length of the span. The expressions cover the cases
for the stresses at the midspan section of a simply supported

"member and at both the midspan and support sections of a member’

built in at both ends.

From the above, it is clear that shear lag is not dealt with
adequately by this method, especially with respect to the presence
of side cantilevers, but also in terms of a wider range of load
configurations, for example point loads or uniformly distributed
loading over a portion of the span only. Maisel and Roll
recognise the Iimitafggns and make reference to a study performed

) for shear lag in steel box-girders with
side cantilevers. Unfortunately this Titerature was not available
and consequently it was necessary to find another method to deal
with this aspect of the analysis.

Schmidt, Peil and Born{11) in their paper, give a practical method
for determining the distribution of bending stresses for varying
flange and cantilever widths. A brief description of the method
follows. '

The cross-section of the box-girder is divided into a number of
individual flange elements of width b" as shown in Figure 3.22
below.

b b

Figure 3.22 Division of cross-section into flange elements.
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The basic equation governing the ratio of the magnitude of the
longitudinal bending stress at the edge of a flange element to
that at the web for symmetrical loading conditions (no tors1ona1.
loading), is given by:

;%Jbgfedgeg =1,25( A¢ - 0,20) or 1,25(A5 - 0,20)
1bg we |

where

(44)

f‘]bg(edge) = longitudinal bending stress at the edge of the
' flange element

f']bg(web)}= Tongitudinal bending stress at the web

AfNg = factors dependant on the shape of the bending
moment diagram (type F or S) and the ratio of span
length to flange width, L/b. See Figure 3.23.

Values for A ¢ and A g for use in the above equation can be found
from the graphs presented in the following figure:
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Figure 3.23 Graphs for evaluation of A and A ;.

The nature of the bending moment diagram along the longitudinal
axis must be taken into consideration when selecting values from
the above graphs. For this purpose, bending moment diagrams are
classified as type F or type S depending on their form which is
governed by the loading configuration and by the support
conditions. The correspondence of moment types to the d1agrams
as well as the variation of A ¢ and A g along the span is
illustrated in Figure 3.24 below.
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Figure 3.24 Moment types and associated ) values.

For continuous beams the spans are divided into portions within
which specific moment types occur. Hence appropriate values
of A and therefore also the shear lag effect can be determined
at any point along the span of such members. A typical example of
the method of dealing with a continuous beam is given in Figure
3.25.
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‘Endtleld bereich Innenteld

T A n

1 ly t ',
}; : +2lc+
. i .
/_l——\ '_
. | \
A : N } F
0 l i 1 *s l l .
e+ +i- 4 .
Fl-081,— H=0ﬁQ—L
L;=025(14+1,]
Figure 3.25 Derivation of A values for continuous beams.

The variation of the longitudinal bending stresses from the edge
of a flange element to the web (i.e. transversely) is close to a
fourth degree parabola, the equation of which can be written in
terms of the stress values at the webs. The form of the equation
is:

y = axt + ¢ (45)

and is illustrated in Figure 3.26
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Figure 3.26 Function for variation of longitudinal bending
’ stresses from edge of flange element to web.

Since the ratio of the longitudinal bending stress at the edge of .
a flange element to that at the web is known from equation 44 .
- above, the values of ¢ and a can also be determined in terms of
f'1pg (top web) or f'ypg(bot web) as follows:.

At x =0, y=c-= f']bg(edge) = f']bg(web),l,ZS(;\- 0,2)
At x =b, y=ab? + ¢ = f']bg(web) | ’
from which a is found:

a = f'ipg(web)[ 1 - 1,25(;X - 0,2)]/p4

The Tongitudinal bending stresses f', g can therefore be
calculated in terms of f'jpg (top web) or T7pq(bot web) for any
point across the flange. _

A typical diagram of the longitudinal bending stresses expressed
in terms of f'lbg (top web) and f']bg(bot web) is given in Figure
3.27.
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Figure 3.27 Typical longitudinal bend1ng stress diagram, in
‘ terms of f' (top web) and f'ypg(bot web),
taking shear Ha into account.

The values for f'jp, (top web) and f' (bot web), given that-the
moment due to the é%p11ed 1oad1ng is &ﬁ%wn for the section be1ng
considered, can be determined on a trial and error basis by using
the equi]ibrium conditions for longitudinal bending.

The first equilibrium equation is that the sum of the axial forces
arising from the longitudinal bend1ng stresses must be zero in a
beam without axial loads. :

Ntop flange * Ntop webs * Nbottom flange *Nbottom webs = O (46)

where

Ax1a1 force due to bend1ng stresses in the top

Ntop flange = flange

Ntop webs = Axial force due to bending stresses in the
portions of the webs above the neutral axis

Nbottom fiange fﬁX];; force due to bend1ng stresses in the bottom

Nhottom webs = Axial force due to bending stresses in the
portions of the webs below below the neutral axis
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The second equation is that the resisting moment due to the
longitudinal bending stresses must equal the applied moment.

Mapplied = Mtop flange Mtop webs Mbot flange *Mbot webs  (47)

where
Mapplied = Applied bending moment
. .Mtop flange = 53;1:?;;52 moment due to bend1ng stresses in the

Mtop webs = Resisting moment due to bending stresses in the
webs above the neutral axis :

Mbot flange = Resisting moment due to bending stresses in the
bottom flange

Mhot webs = Resisting moment due to bending stresses in the

webs below the neutral axis

Equat1ons 46 and 47 may be written in terms of the two variables
bg (top web) and f'jpq(bot web) and solved by trial and error.
The example of shear 1a8 ana]ys1s given in APPENDIX E illustrates
the trial and error procedure. In this example the distribution
of stresses between the flange edges and webs are taken as linear -
with a single intermediate point on the 4t th degree curve as a
simplification for solving the equilibrium equations.

Schmidt et a1{ll) aiso present equations for dealing with shear
lag under conditions of torsional loading, but since Maisel and
Roll do not treat this aspect, it is not discussed here.
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ANALYTICAL RESULTS

GENERAL

The four Perspex models, described in Chapter 2, were each
subjected to four different loadcases in order to check the
accuracy of the proposed analytical method for simple loading’
configurations. These loadcases, shown in Figure 4.1, were
selected to, as far as possible, individually examine the accuracy
of analysis for the different structural actions. In this context
it is possible to isolate shear lag in bending as well as the
torsional warping action but the distortional warping action
cannot take place without the torsional warping action. Loadcases

1.1, 2.1, 3.1 and 4.1 focus on simple bending together with shear

lag in bending; loadcases 1.4, 2.4, 3.4 and 4.5 isolate torsional
warping effects without distortion by making use of rigid
diaphragms at the load positions and loadcases 1.2, 1.3, 2.2, 2.3,
3.2, 3.3 and 4.2 include actions for torsional warping as well as
for distortional warping. Loadcase 4.4 includes all action types,
i.e. torsional and distortional warping together with simple
bending and shear lag in bending. Loadcase 4.6 is the same as

- loadcase 4.4 except there is a diaphragm at the loaded section.

Examples of typical analyses, done in accordance with the theory-
given in Chapter 3 for the analytical method, are shown in
Appendix E. These are for Model 1 Loadcase 1B (simple bending and
shear lag in bending) and for Model 3 Loadcase 2 (torsional and
distortional warping), which between them cover all aspects of
analysis.

SECTION PROPERTIES

The cross-sectional dimensions for the as-built models were given
in Figure 2.2 and the main cross-sectional properties used in the
different analyses are given in Table 4.1.

Note that the position of the origin of the x and y axes within
the cross-section is taken as the centroid for Tlongitudinal
bending analysis, as the shear centre for torsional warping-
analysis and as the geometric midpoint of the closed portion of
the cross-section for the distortional warping analysis.

LOADING CASES

The applied loading and support conditions constituting the
various loadcases are shown in Figure 4.1. Support conditions are
the same throughout, i.e providing full torsional restraint with
no warping restraint. Load magnitudes were selected for each
loadcase in order to give a suitable range of strain readings.
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Model 1 Model 2 .~ Model 3 Model 4
A 4.554.103 mm?  3.368.103 2.771.103 . 2.633.103
Agnc  15.864.103 mn? 9.260.103  4.168.103 3.386.103
I,w 13.254 mm® 3.614.10° 0.792.106  0.511.100
Yo  93.30 mm 58.74 27.77 23.34
Ceyt 11 861.103mm* 4 763.103 1 565.103 1 070.103
Ciyr 2 069.100mmd 1 355.100 404.106 292.106
Cqwr 9 869.106mm6 2 433.103 390.106 238.106
Ifpg .1.79 mm2 2.04 4.20 4.27

Table 4.1 Cross-sectional properties for models.

DIAGRAMS FOR COMBINED STRESSES FROM ANALYSIS

The diagrams for the combined or total stresses, derived from the
analyses, are shown in Figures 4.2 to 4.18 for all the loadcases.
The diagrams typically show the various stress types, i.e
Tongitudinal normal, shear and transverse bending, for both the
midspan (z = 600 mm) and quarter-span (z = 300 mm) sections and
are again used in Chapter 5, omitting the stress values for more
clarity, as a background for plotting the experimentally derived
stresses as points.

The method of the construction of the combined stress diagrams
from the various structural actions as well as the use of the sign
convention, can be seen in the analysis examples given in Appendix
E. '
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COMPARISON OF RESULTS AND DISCUSSION

GENERAL

The results from the model tests are used here to broadly assess
the accuracy of the proposed method of analysis in finding the

~various internal stresses. The influence of the cross-sectional

proportions and the distribution of stresses around cross-
sections, as well as longitudinally along spans, are also

investigated. Figures 5.1 to 5.8, 5.10 to 5.16 and 5.18 and 5.19

show the experimentally determined stresses superimposed onto the

~ appropriate stress diagrams from Chapter 4 for the theory.

The correlation between actual stresses and those from the
analyses are examined as far as possible in the context of the
individual structural action types defined in the theory, namely:
simple bending and shear lag in bending; torsional warping and St
Venant torsion; and distortional warping and transverse bending.
The following sections deal with different the action types and
those loadcases which are relevant to each. ' _

SIMPLE BENDING AND SHEAR LAG IN BENDING

Loadcases 1.1, 2.1, 3.1 and 4.1 are applicable to these aspects of

- the theory for Models 1 to 4 respectively, i.e having equal point

loads applied to webs at midspan and thus with no torsion present.

Figures 5.1 to 5.4 show the various stress diagrams for
experimental and theoretical values.

Longitudinal normal stresses

Midspan (z = 600)

Main points of note on the cross-sections are those on the flanges
at the webs where peak stresses occur and on the centrelines of
the flanges as well as on outer edges of the top flange where
minimum stresses occur. Stresses found at the positions of the
applied loads, i.e. top flanges over webs, are affected by local
concentrated stress effects of the point loads and are therefore
not reliable. Table 5.1 gives the ratio of stresses derived from
the experiments to those from the theory for the outer fibres at
various points.’

MODEL .LOADCASE 1.1 2.1 3.1 4.1

Bottom Flange left web 0.87 0.8 0.81 0.82
right web 0.90 0.82 0.8 0.81
centreline 1.07 1.01 0.98 0.97

Top Flange right edge 1.03 1.02 0.95 0.93
: left edge =~ 1.04 1.01 0.96 0.96
centreline 1.07 1.00 0.97 0.96

- Table 5.1 Ratid of experimental to theoretical longitudinal

stresses ‘at midspan using outer fibre stresses
throughout.
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From the longitudinal stress diagrams, it is apparent that the
stresses found from the experiments are generally slightly lower
than those predicted by the theory.

The ratios for loadcase 1.1 vary between 0.87 and 1.07 and
decrease progressively through loadcases 2.1 and 3.1 to vary
between 0.82 and 0.97 in the case of 4.1. The best correlation is
for stresses on the centrelines of the flanges which 1lie.between
+ 1.07 and 0.97 for the bottom flange and lie between 1.07 and 0.96
for-the top flange. Values on the edges of the top flange also
agree well with these ratios being between 1.04 and 0.92.
However, for the important peak stresses on the lower flange at
webs, the theory overestimates the actual stresses by between 10 %
and 23 %, i.e. from ratios of 0.91 and 0.81.

Anomalies occur in terms of the stresses measured on the top and
bottom flanges between webs in that the values found at the
centrelines are slightly higher than the values at the adjacent
points, i.e. at the midpoints between centrelines and the webs.
A11 the loadcases considered here reflect this trend.

Quarter-Span (z = 300)

The comparative diagrams show that as for the midspan section, the
experimental stresses are consistently slightly lower than those
predicted by theory. The distribution of stresses on the top
flanges are fairly uniform whereas for the lower flanges there is
a clear decrease in the measured stresses from webs to centreline.
The above trends are present in all these loadcases. Table 5.2
gives the ratios for the experimental centreline stress values to
average of the stresses at the webs, as well as the ratios for the
average measured values to the theoretical outer fibre stresses
for the bottom flange.

MODEL . LOADCASE 1.1 2.1 3.1 4.1
expt. c1./av. expt. @ webs 0.77 0.81 0.74 0.84
av. all expt./theory : 0.82 0.81 0.82 0.84
Table 5.2 Ratios of longitudinal bottom flange stresses.

A convenient way to assess the average difference between theory
and the actual stresses is to compare these values at a position
where the readings are fairly uniform and no other influencing
factors are apparent, such as for the top flange at the quarter-
span section. Table 5.3 gives the ratios between average measured
stress and the outer fibre stresses from the theory.
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" MODEL ,LOADCASE 1 2.1 3.1 4.

~av. all expt./theory 0.87 0.82 0.81 0.79
Tab]ei,5.3 Ratios of longitudinal top flange stressesiat

quarter-span.

From this table, it is clear that the theory overestimates the
stresses to a greater degree for the shallower sections. The

. average ratio for all Toadcases given in the table is 0.82.

Transverse Stresses

For the symmetrical Toading considered here, with point Tloads
applied directly over webs, the theory gives the transverse
stresses as zero for all sections.

. Midspan (z = 600)

The experimental values show that small (i.e. if compared to the

‘peak longitudinal bending stresses) transverse compressive

stresses occur within webs below loading points for the deeper
sections, i.e. loadcases 1.1 to 3.1 but that for the shallowest
section (loadcase 4.1) these are negligible. Also apparent is the

occurence of small tensile stresses within the lower flanges of

the shallower sections, i.e. loadcases 3.1 and 4.1.

Quarter-span section.

Compressive stresses, again small if compared to the peak
longitudinal bending stresses, occur within the lower flanges at

these sections with those for loadcases 1.1 and 3. 1 being the most
prominent.

Shear stresses

Shear stresses measured at midspan sections are not relevant since
these coincide with the step in the shear force diagram at the
loaded section.

Quarter-span section

The measured shear stresses are generally slightly less than the
values predicted by the theory and the difference is more marked
in the case of the webs than the case of the flanges and decks.
Table 5.4 gives the ratios of measured shear stresses to
theoretical stresses for the webs as well as for the projecting
top flanges.
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- MODEL . LOADCASE 1.1 2.1 3.1 4.1
“expt. web/theory web 0.78 0.80 - 0.69

av. eipt. cant./theory cant. 0.96 0.84 0.84 0.82

Table 5.4 Ratios of measured and theoretical shear strésses
for webs and cantilevers.

Discussion

Longitudinally, the major trend is that the experimental values
are consistently lower than those given by the theory throughout.
This is illustrated in both Tables 5.1 and 5.3 which indicates the
difference to be in the order of about 20%. This phenomenon can
be attributed to a difference between the E-value used for
converting the strain readings to stresses and the actual E-value.
As was discussed in Chapter 2, Perspex is prone to considerable
creep deformation and the extent of creep is dependant on the
period for which the loading is applied as well as the magnitude
of stress which affects the rate of creep. It was also explained
in Chapter 2 that for the experimental strain readings, the creep
component was largely eliminated by using the average of the
readings taken at the start and at the end of a load cycle with
the loads removed. The creep component is however not eliminated
in the same way from the E-value determined by means of the
tensile tests and this would result in reduced stress values. A
rough assessment of the difference between the value used, i.e.
2918 MPa, and a value that largely excludes creep, is T%%e by
comparing the above to one obtained from the AECI brochure for
a faster rate of strain. :

The tangent modulus for a high rate of 1 % per minute is 3357 MPa
which is about 15 % higher than the one used for the models and is
of the same order as the discrepencies experienced here.

The experiments show that shear lag does significantly affect the
magnitude and distribution of the longitudinal bending stresses.
For the lower flange at midspan, the ratio of the average
longitudinal stresses at the webs to the stress at the centreline
is 1.10 for Tloadcase 1.1 and 1.11 for each of 1.2, 1.3 and 1.4.
Although the theory does not show shear lag effects occurring at
the quarter-span section, there is a clear reduction in the
longitudinal stresses in the lower flanges from the webs towards
the centreline in all cases indicating that shear lag is present.
These ratios are in the range from 1.35 to 1.19 which are even
higher than the equivalent ratios at midspan. Also evident is the
anomalous trend in the stress values on the flange and. deck

centrelines at midspan where these are higher than the adjacent

stress values measured midway between the centrelines and the
webs. This trend is not present at the quarter-span section. The
influence of shear lag on the stresses within the top flanges is
not as clear as in the case of the lower flanges and appears to be
absent in the top flange at quarter-span altogether.
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Figures 5.5, 5.6, 5.7 and 5.8 show the various stress diagrams for
exper1menta1 and theoretical values.

Longitudinal stresses

Quarter-span section (z = 300)

Three broad trends are apparent. The first two are that for the
same loading, the measured warping stresses increase with
decreasing section depth and that the torsional warping stress
pattern around the cross-sections become more discernable, also
with decreasing section depth. For loadcase 1.4 the experimental
stress values do not follow the predicted stress distribution at
all, but in general the stresses are small and of the same order
of magnitude as those from the theory. The best correlation .
between measured and calculated stresses is found with Loadcase
3.4 where the torsional warping pattern is clearly reflected by
the measured values and the stress magnitudes are comparable.
Table 5.5 gives the ratio of the extrapolated (from the average of
the midpoint values since those at the webs are not reliable)
experimental stresses to the theoretical stress values at the webs
for both top and bottom flanges.

MODEL . LOADCASE 1.4 2.4 3.4 4.5

Top flg. av. expt./theory ' - 0.52 1.51 1.14
Bot flg. av. expt./theory - 0.36 1.33 2.01

av. ratio for top & bot. flanges 0.44 1.42 1.58

Table 5.5 Ratios of measured (extrapolated from centreline
and flange midpoint values) and theoretical
longitudinal stresses at the webs for top and
bottom flanges.

The third trend is that the measured longitudinal stresses in the
cantilever portions of the deck elements are about zero at the
outer edges and appear to increase linearly to a peak value,
either positive or negative, at the webs. This occurs for all
four loadcases and is in contrast to the theory which gives stress
values of approximately equal magnitude (slightly higher at the
webs) but opposite signs at the edges and webs respectively. In
all cases the rate of change of stress from edge of deck to webs
follow the same sign. Table 5.6 gives the averaged ratios of the
extrapolated (from cantilever midline) measured web stresses to
the theoretical values.



5.3.2

85

'MODEL.LOADCASE 1.4 2.4 3.4 4.5

av. expt./theory | 1.95 0.86 0.64 0.77

Table 5.6  Ratios of measured (extrapolated) and theoretical
longitudinal stresses for the top flanges at the
webs.

~ Midspan (z = 600) -

The longitudinal stresses measured at midspan are small throughout
(compared to those at quarter-span) and as such agree well with
the small stresses from the theory. Peak stresses were generally
measured at the lower flanges on the line of the webs.

It is apparent that the lower flange stresses for all loadcases
vary approximately linearly between webs with stresses of opposite
signs at the respective webs. For loadcases 1.4 and 2.4 negative
stress values occur at the webs under upward point loading and for
3.4 and 4.5 these stresses are positive.

Transverse stresses

As stated before, the transverse stresses at the quarter-span
sections are affected by the axial forces within the struts
forming the diaphragms and are therefore not reliable. This is
reflected in the random nature of the measured values both with

respect to distribution as well as magnitude.

Midspan (z = 600)

In all cases transverse stresses occur which follow a typical
transverse bending pattern and if these are compared to the
transverse bending stresses that occur at the loaded section with
the diaphragms omitted (i.e. loadcases 1.3, 2.3 and 3.3), it can

~ be seen that these negligibly small.

From these diagrams it is also evident that for loadcases 1.4 and
2.4 the presence of diaphragms at quarter-span cause a
considerable reduction in the midspan transverse stresses but that
in the case of loadcase 3.4 the difference is hardly noticable.
Although the loading for loadcase 4.4 was not the same as for 4.5,
it can be expected that transverse bending stresses at midspan
would be more pronounced in the absence of a diaphragm at quarter-
span but, as for 3.4, this appears not to affect the midspan.
stresses. .
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Shear'Stresses

Shear stresses measured at quarter-span sections are not reliable
since these coincide with the step in the shear force diagram at'
the loaded section.

Midspan (z = 600)

The shear stresses were measured on the outside of the webs for
loadcases 1.4, 2.4 and 3.4. These stresses are wholly St Venant
shear stresses according to the theory and the correlation with
the experimental readings are good as can be seen from Table 5.7.

MODEL . LOADCASE 1.4 2.4 3.4 4.5
experimenta1- | 0.020 0.028 0.039 -
theoretical | 0.019  0.034 0.055 0.044

Table 5.7 Measured and theoretical shear stresses at odtside

of webs. (MPa)
Discussion

The aspect of the analysis examined by this series of model tests,
i.e. torsional warping, is based on the theories of Vlasov which
are applicable to thin walled box-girder members. Various
criteria are given for the definition of thin walled members and
the table below shows to which extent the different models meet
these requirements.

MODEL . LOADCASE 1.4 2.4 3.4 4.5

Vlasov:

h/b or h/d (< 0.100) 0.082 0.104 0.212 0.300

b/1 or d/1 (< 0.100) 0.127 0.097 0.097 0.097
Kollbrunner and Basler:

Aeffect/A (< 0.200) 0.239 0.281 0.481 0.552
AScroct/aASnC (< 1.0) 0.239 0.281 0.481 0.352
dveyt/Vsyt (< 0.100) 0.244 0.352 0.478 0.568
8T¢yt/Tgyt (< 0.100) 0.008 0.012° 0.024 0.031

Table 5.8 Various criteria for thin-walled box-girder

‘members applied to the models tested.

It also follows that the observations made in the discussion
relating to longitudinal bending and shear lag with respect to the
applicable E-value and the shear modulus are also relevant here,

"i.e. that the actual E- and G-values are about 15 % higher than

the values used for converting strains to stresses. This means
that the measured stress values presented here should also be
higher by the same margin.
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The Tongitudinal stresses measured around the cross sections at
the Toaded sections do not follow pure torsional warping patterns
and in the case of 1.4 no recognisable pattern at all. In all
these loadcases small transverse stresses occur at midspan which
are typical transverse bending stresses. This indicates that the
diaphragms did not eliminate distortion of the cross-section
entirely and that a small degree of distortional warping was
present. The above observation is supported firstly by the
anomalous stresses measured on the cantilevers at quarter-span
‘which reflect the stress pattern that could be expected if
distortional warping stresses are superimposed onto those for.
torsional warping, i.e. the stresses at the edge of the deck would
for the two action types be subtractive and if the magnitudes are
similar would be close to zero. See Figures 3.14 and 3.18.

The second phenomenon that supports the observation is that,
although very small, the longitudinal stresses at midspan follow
typical distortional warping patterns with those for the two
shallower sections indicating a reversal in the sign of the
stresses. According to the theory, and illustrated by Figures
3.15 and 3.19, the sign reversal only occurs with distortional
warping and not for torsional warping .

The random nature of the warping stresses from loadcase 1.4 is
likely as a result of the small stress values being overshadowed
by Tocal concentrated stress effects which for the other loadcases
where larger warping stresses are generated, are not overriding.

It is difficult to make a good estimate of the portion of stresses
at the loaded section which results from distortional warping.
Using the proportion of the distortional warping stresses measured
at midspan for 3.4 to the distortional warping stresses from the
analysis for loadcase 3.3, a rough estimate can be made of the
magnitude of the distortional warping stresses at quarter-span.
Figure 5.9 gives the. measured warping stresses together with the
superimposed diagrams for the torsional and estimated distortional
warping stresses. .
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Figure 5.9 Comparison of measured warping stresses at
- quarter-span to the theoretical stresses allowing
for distortional warping (due to inefficiency of

diaphragm). (MPa)
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From the above it is apparent that the addition of the estimated
distortional warping stresses generally improves the correlation
of the theory with the experimental readings. Also, it must be
added that this procedure is not very reliable since the accuracy
of such an adjustment is highly dependant on the location of the
point along the span where the distortional warping stresses cross
over from positive to negative and which occurs at approximately
midspan in the case of the loading being applied at quarter- span.

The above excerc1se was not repeated for the other loadcases in
this series. : :

The main conclusions are as follows:

The torsional warping analysis, given that the E-value used for
converting strain to stresses was about 15 % too Tlow, genera]]y
s]1ght1y under-estimates the actual stresses. ,

The under est1mat1on of torsional warping stresses by the
torsional warping theory is not a serious source of error in terms
of the total warping stresses seeing that these are mostly less
than a quarter 9T the total warping stresses according to the
parameter study for a 30 m span under purely live loading and
are also highly localised longitudinally. A

The torsional warping theory gives best results for the shallower
sections, as shown by loadcases 3.4 and 4.5.

‘The trend in the experimental results that the torsional warping

stresses increase with a decrease in sectj Y.depth for the same
loading is confirmed in the parameter study

The fact that the torsional warping theory was developed for thin
walled sections and that all the models tested are thick-walled in
terms of the Vlasov criteria, is the most likely source of the
differences between theory and the measured stresses, together
with the diaphragms not fully preventing distortion of the cross-

sections.

COMBINED TORSIONAL AND DISTOHFIONAL WARPING AND TRANSVERSE BENDING

Two loading formats are used to examine these aspects of the
theory and are illustrated in Figure 4.1. The first comprises
equal point loads, one acting vertically upwards and the other
vertically downwards, applied to the top of the deck on the
centrelines of the respective webs at midspan (z = 600). The
relevant loadcases are 1.2, 2.2, 3.2 and 4.2.

The second format is like the first with the exception that the

loads are applied at the quarter-span section (z = 300) and are
represented by loadcases 1.3, 2.3, and 3.3. All these loadcases

.are purely torsional with no longitudinal bending present.
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" As was the case with-thé loadcases d1Scussed'prev1ously, stress

5.4.1

- concentrations arise in the immediate vicinity:of the .loading - |
. points so that readings at or near these pos1t1ons ‘may ‘be

affected

F1gures.5.10, 5.11; 5.12 and 5.13 show the various stress diagrams :
~ from both the theory and the experiments- for loadcases 1.2, 2.2, -
3.2 and 4.2 and Figures 5.14, 5.15 and 5.16 the d1agrams forv'
' loadcases 1.3, 2.3 and 3 3.

Longitudinal stresses

5.4.1.1 Loading- at midspan (1.2, 2.2, 3.2 and 4.2)

g Midspan'(z'—'GOO)

A number if trends man1fest themse]ves throughout these 1oadcases

'F1rst1y, the theory and experimental values agree very well -at the

edges and midpoints of the cantilevers for all loadcases with most

-experimental values tend1ng to be fract1ona11y sma]]er than the
theory : o

Second]y, at the m1dp01nts between centreline and webs on the
deck, the experimental readings are considerably higher than the

‘ va]ues from the theory, being on average about twice as high. The

b1ggest d1fferences occur with loadcases 1.2 and 2 2.

Another trend is noticeable with regard to the Tower flange
stresses. For loadcases 1.2 and 2.2 the experimental values are
considerably higher than those given by the theory but for 3.2 and
4.2 the differences are neg]igib]e. Furthermore, whereas the
theory predicts a linear variation in the lower flange stresses
between webs, the measured stresses have a distinct non-linear
tendency in a11 cases, with increased. peak stresses at the webs.

. In overall terms almost comp]ete agreement between theory and. the

experiments is obta1ned for loadcases 3.2 and 4.2; and for 1.2
and 2.2 the ‘theory underestimates the actual stresses especially

‘at the midpoints between the girder centreline and webs on the top

flanges and at the webs on the bottom f]anges

F1na11y, for the same app11ed loading, the,measUred'10ngitud1na](
stresses show a clear increase with the decrease in the section
depth from 1.2 to 4.2'as does the theory. A ‘useful reference

point for this observation.is the peak stress values at.the web

centreline on the lower flange. Adjusting these on a pro rata
basis to allow for different magnitudes of loading, the measured
stresses (theoretical values in brackets) are, arranged from deep
to shallow:  0.496(0.312); .0.712(0.564); 1.064(0.966) and

- 1.590(1.574) MPa for loadcases 1.2 to 4.2.
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Table 5.9 gives the ratios of the measured longitudinal stresses
to stresses from the theory for various points around the cross-
section. Note that since the diagrams for longitudinal stresses
are anti-symmetrical about the girder centreline, a single average
ratio can be determined for equivalent points. .

MODEL .LOADCASE - 1.2 2.2 3.2 . 4.2
Top Flange edges cants. ' 0.89 0.72 1.18 1.63
midpts. cants. 0.99 0.81 -0.85 0.89

.midpts. webs/cl. ~ 2.68 2.50 1.75 1.63
Bot Flange midpts. webs/cl. 1.39 1.08 0.93 0.87

webs 1.59 1.26 1.10 1.01
Table 5.9 Ratios of experimental to theoretical 1ongitud1na1
stresses for various points on the m1dspan cross-
section.

Quarter-span (z = 300)

Both the measured and calculated stresses at these sections are
substantially smaller than those at midspan and therefore follow a
similar trend. Also, for loadcases 2.2, 3.2 and 4.2 the theory
indicates a reversal of sign for the stresses from those at
midspan which is also the case with the experimental readings from
3.2 and 4.2, but not 2.2. The readings for 1.2 have the same sign
as for midspan as do the calculated values.

Best correlation is found with loadcase 4.2 where the stresses
agree closely with respect to distribution and magnitude - the
experimental values are marginally less. Loadcase 3.2 also shows
good agreement as far as distribution around the cross-section is
concerned but the experimental values are approximately only half
those from the theory.

5.4.1.2 Loading at quarter-span (1.3, 2.3, and 3.3)
Quarter-span (z = 300}mm)
~ The overall trends are the following:

For the top flange, the tendency for the measured stresses in the
cantilever portions is to follow the same pattern as that given by
the analysis but only slightly smaller. In all three loadcases an
anomalous reading occurs at the midpoint between the centreline
and the lefthand web which is considerably higher than the
theoretical stress. '
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. At the lower flanges a good correlation is found at the centreline
and midpoint values throughout. However, in all cases the
stresses at ‘the webs are markedly h1gher than those" g1ven by the
theory.

For the same applied loading, the measured longitudinal stresses
show a clear increase with the decrease in the section depth from
1.3 to 3.3 as does the theory. Using the peak stress values at
the web centreline on the lower flange as a reference point, and
adjusting these on a pro rata basis to allow for different
magnitudes of loading, the measured stresses (theoretical values
in brackets) are, arranged from deep to shallow, 0.472(0.339),
0.753(0.635) and 1.135(0.977) MPa for 1.3 to 3.3.

Table 5.10 gives the ratios of measured to calculated longitudinal
stresses for the main points around the cross-section. As for
Table 5.9 a single average stress ratio can be determined for
points symmetrical about the girder centreline.

MODEL . LOADCASE 1.3 2.3 3.3
eof?&f

Top Flange -—egdes cantilevers 0.88 0.68 0.60
midpts. cantilevers 0.86 0.67 0.92

hidpts. webs/cantilevers 2.33 2.17 1.84
Bot. Flange midpts. webs/cantilevers 1.18 1.00 0.96
webs ' 1.39 1.19 1.16

Table 5.10 Ratios of experimental to theoretical longitudinal
stresses for various points on the loaded quarter-
span cross-section.

Midspan (z = 600 mm)

The stress measurements and theory at midspan both show a large
decrease from those at the loaded quarter-span sections for all
~ loadcases. With regard to signs, the theory shows a reversal for
loadcases 2.3 and 3.3 from those at quarter-span but the
experimental values only shows this for loadcase 3.3. For
loadcase 2.3 the stresses on the cantilever portions of the deck
follow the sign reversal indicated by the theory whereas the
stresses between webs on both top and bottom flanges do not.

The best agreement is found at loadcase 3.3 where the measured
values are slightly smaller than those from the theory throughout.
For loadcases 1.3 and 2.3 a poor correlation exists between the
different stresses.
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5.4.1.3-Comparison of 5.4.1.1 and 5.4.1.2

5.4.2

The loadcases for midspan and quarter-span loading show similar
trends at the loaded sections as well as at the non-loaded
sections of a model for the observed and the analytical stresses.
Note that a matching loadcase with loading at quarter-span was not
tested for Model 4 so that the resu]ts for 4.2 are not included
here.

For each model, identical trends in the distribution of stresses
around the cross-section occur at the loaded sections for both

- Toadcases but with slight differences in the stress values.

Table 5.11 shows stress values at various points on the loaded
sections for theory and measurements.

MODEL . LOADCASE 1.2 1.3 2.2 2.3 3.2 3.3
APPLIED LOADING +168 N +168 N +168 N +168 N +108 N +108 N

Top Flange:

edge cant. av. expt. 0.158 0.176 0.149 0.169 0.073 0.039
theory 0.177 0.200 0.206 0.249 0.062 0.065
midpt. av. expt. 0.164 0.156 0.173 0.169 0.140 0.153
theory 0.165 0.181 0.214 0.246 0.165 0.107
midpt. web/cl. av. expt 0.204 0.189 0.278 0.263 0.234 0.247
theory 0.076 0.001 0.111 0.121 0.134 0.134

Bottom Flange: .
midpt. web/cl. av. expt.0.218 -0,201 -0.306 -0.317 -0.288 -0.301

theory -0.156 -0.170 -0.282 -0.318 -0.311 -0.314
webs - av. expt. -0.496 -0.472 -0.712 -0.753 -0.684 -0.730
_ theory -0.312 -0.339 -0.564 -0.635 -0.621 -0.628

Table 5.11 Comparison of stress values at the loaded sections

for various points on the cross-section for
theoretical and measured values. (MPa)

As with the loaded sections, identical trends occur for the
individual models at the non-loaded sections with the small
differences being in the magnitudes of the measured stresses. The
theoretical stresses at the non-loaded sections are identical for
loading at midspan and at quarter-=span.

Transverse stresses
Loaded sections
In all, the stresses from theory and the measured values compare

well although the theory consistently presents with slightly
higher values.
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~-There is a trend for the transverse bending stresses to increase
with decreasing depth of section, both for loading at midspan and
at quarter-span. : : '

Table 5.12 gives the average of stresses measured at the midpoints
between the webs and the girder centreline for top and bottom
flanges as well as theoretical values. Stress values in the table
have been adjusted on a proportional basis to reflect the same
magnitude of loading throughout. : ‘

MODEL . LOADCASE 1.2 1.3 2.2 2.3 3.2 3.3

Top Flange av. expt. 0.337 0.284 0.473 0.438 0.320 0.541
'theory 0.438 0.321 0.621 0.600 0.698 0.717

Bot. Flange av. expt. 0.324 0.255 0.383 0.360 0.532 0.555
theory 0.391 0.287 0.462 0.446 0.605 0.712

Table 5.12 Comparison of transverse stress values at the

' loaded sections for midpoints between girder

centreline and the webs for top and bottom
flanges. (MPa)

Non-loaded sections

There is a véry good agreement between the analysis and the tests
- for loadcases 3.2 and 3.2, but the theory clearly gives higher
values for 1.2, 1.3, 2.2 and 2.3.

Table 5.13 gives the average of stresses measured at the midpoints
between the webs and the girder centreline for top and bottom
flanges for both theoretical and experimental values. Stress
values in the table have been adjusted on a pro rata basis to
represent the same applied loading throughout.

MODEL . LOADCASE 1.2 1.3 2.2 2.3 3.2 3.3
Top Flange av. expt 0.178 0.191 0.184 0.185 0.025 0.026
theory 0.271 0.272 0.281 0.281 0.023 0.023
Bot. Flange av. expt. 0.187 0.198 0.129 0.142 0.022 0.026
theory 0.243 0.243 0.209 0.209 0.023 0.023
Table 5.13 Comparison of transverse stress values at the non-
loaded sections for midpoints between girder
centreline and the webs for top and bottom

flanges. (MPa)

The stresses at the non-loaded sections can be compared to those
at the loaded sections by using the above table and Table 5.12.
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Shear stresses
Loaded sections
The experimental values at the loaded sections are not suitable
for making comparisons since the position of the strain gauges

coincide with the step in the longitudinal torsional-moment
function at the position of the applied loading.

Non-loaded sections:

Loading at midspan (Loadcases 1.2, 2.2, 3.2, 4.2)

Loadcases 3.2 and 4.2 show close agreement between the readings
and the theory throughout. Similarly, for Loadcases 1.2 and 2.2
there is also generally a good correlation between theory and the
measured values with the exception being the web readings, where
the measured stresses are significantly less than those from the
analysis. _ :

Loading at quarter—spén (Loadcases 1.3, 2.3 and 3.3)

Here, at the midspan section, readings were only taken at the mid-
height of the webs. Loadcases 1.3 and 2.3 give experimental
values that are lower than the calculated values while 3.3 shows
only a small difference.

Table 5.14 compares the different shear stress values for the
above loadcases.

MODEL . LOADCASE 1.2 1.3 2.2 2.3 3.2 3.3 4.2

webs expt. -0.015 0.022 -0.031 0.014 - 0.034 -0.073
theory -0.041 0.030 -0.058 0.036 - 0.030 -0.069
midpt. cant. expt. 0.008 - 0.004 - -0.012 - -0.019
theory 0.009 - 0.006 - -0.006 - -0.007
cl. top flg. expt -0.052 - -0.090 - -0.108 - -0.103
theory -0.044 - -0.080 - -0.118 - -0.119
cl. bot. flg. expt 0.077 - -0.125 - -0.123 - -0.115
theory -0.066 - -0.144 - -0.130 - -0.132

Table 5.14 Shear stress values from the theory and the
. experiments at the non-loaded sections for various
points on the cross-sections. (MPa)
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Discussion

As discussed previously, the measured stress values given in the
diagrams should be approximately 15 % higher than shown due to .the
under-estimation of the elastic modu]]us

Longitudinal and transverse stresses at the loaded sections

From the stress diagrams, a trend is clearly discernable at the
loaded sections whereby the measured longitudinal stresses in the
flanges between webs are consistently higher than the theoretical
values. The largest differences occur at the deep section and
reduce progressively with decreasing depth. At the same time the
stresses observed at the edges and the midpoints of the
cantilevers show a much closer agreement with the theory
throughout. Tables 5.9 and 5.10 support these observations.

The transverse bending stresses are confined to the zone between
and including the webs and from Table 5.12 it is clear that the
theoretical values are higher than the experimental values
throughout. The average difference, using the values from the
table is about 28 % and varies by between 13 % and 37 % higher.

It can be seen that if an upward adjustment of 15 % is made to the

measured stresses to allow for the higher actual E value, the

1ong1tud1na1 stresses excluding the cantilever stresses wou]d be
roughly 30 % higher than the theory on average (using the average
of the rat1os for the lower flanges for midspan and quarter-span
loading). The experimental transverse stresses would still be
slightly less than the theory by an average of roughly 1.28/1.15
which is about 11 %

The high stresses measured longitudinally can be explained in
terms of the the high transverse stresses, which are mostly higher
than the longitudinal stresses themse!yﬁs, and the Poisson's ratio
effect. According to Maisel and Roll , in their conclusion, the
Poisson's ratio effect becomes significant and must be allowed for
where the transverse stresses are of the same order of magnitude
as the longitudinal stresses.

An approximate assessment can be made of the contribution to the
Tongitudinal stresses by the Poisson's ratio effect and this can
then be compared with the effects observed above. Table 5.15
shows that if the Poisson's ratio effect is omitted, the measured
longitudinal stresses become less than the theory with the
difference increasing with decreasing section depth. Similarly
the transverse stresses which are slightly less than the theory to
start with, reduces even further if the Poisson's ratio effect is
removed. Note that the exper1menta1 stresses in the table have
all been increased by 15 % to offset the under-estimation of the
E-value.
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© MODEL.LOADCASE 1.2 1.3 2.2 2.3 3.2 3.3 4.2
Longitudinal |

expt. with v~ 0.251 0.231 0.351 0.365 0.331 0.346 0.311
expt. without v  0.124 0.137 0.212 0.226 0.209 0.219 0.207

theory 0.156 0.170 0.282 0.318 0.311 0.314 0.319
- Transverse v
expt. with v 0.373 0.293 0.440 0.414 0.393 0.410 0.348

expt. without v 0.324 0.240 0.357 0.314 0.311 0.324 0.267
theory 0.391 0.287 0.462 0.446 0.447 0.459 0.416

Table 5.15 Theoretical stresses and experimental stresses
calculated both allowing for and ignoring
Poisson's ratio for the midpoints on the bottom
flange at the loaded cross-sections. (MPa)

Another less prominent trend, is the tendency for the measured
longitudinal stresses on the lower flanges to increase
exponentially towards the webs. This tendency is more pronounced
for the deep sections and becomes less noticable for loadcases
3.2, 3.3 and 4.2. From this it appears as if a small shear lag
effect in warping is present.

Longitudinal and transverse stresses at the non-loaded sections

The variations between the values from the analysis and the
experimental work can be explained along similar lines to those
for the loaded sections.

In the case of Tloadcases 1.2 and 1.3, the transverse stresses in
the flanges between webs for experiments as well as theory, are
more than twice the magnitude of the measured Tongitudinal
stresses, which are in turn about two to three times bigger than
the longitudinal stresses from the theory. This discrepancy in
the values of the longitudinal stresses can only be ascribed to
the Poisson's ratio effect..

Similarly, for loadcases 2.2 and 2.3, for both the top and bottom
flanges between webs, the transverse stresses are considerably
larger than the measured longitudinal stresses which are
approximately equal in size to the longitudinal stresses from the
theory but opposite in sign. The reversal of the sign of the
longitudinal stresses are again due to the Poisson's ratio effect
which overshadows the warping stresses.

For the other loadcases, i.e. 3.2, 3.3 and 4.2, both the
transverse and longitudinal stresses are small and therefore the
Poisson's ratio effect does not have a noticable inehence.
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-The main conclusions are:

The analysis gives longitudinal stress values which lie between
the measured values and the measured values adjusted to exclude
the Poisson's ratip effect. Also, for the transverse stresses,
the analysis gives values which are slightly higher than the
measured values which allow. for Poisson's ratio.

The Poisson's ratio effect, although it is seen to have major
effect on the longitudinal stresses as far as the outside surfaces
- of the models are concerned, only is applicable to the outer
surfaces and ceases to exist at the mid-lines of the flanges and
webs, i.e. the neutral axes of transverse bending. Therefore from
a design point of view these have local implications but are
unlikely to influence the overall stability of the structure.

A sufficient degree of shear lag in warping appears to take place
at the loaded sections to merit further consideration.

The longitudinal stresses at the } aded sections follow the trends
set out in the parameter study( by increasing with decreasing
depth, i.e increasing b/d for the same loading. The transverse
stresses also follow these trends as can be seen from Figure 5.17
below, even though the h/d ratios are different for each model.
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- Combination of all action types

Loadcase 4.4 incorporates all action types namely, longitudinal
bending and shear Tlag in bending, torsional warping and St Venant
torsion, as well as distortional warping. Loadcase 4.6 is the
same as 4.4 in all respects but with a diaphragm installed at the
loaded quarter-span section and is a useful measure to assess the
contribution of distortional warping and transverse bending.

As discussed before, stress concentrations arise in the
immediately vicinity of the loading point so that readings at or
near these positions may be affected. However in the instance of
4.4, only a single point Toad is applied to the model which leaves
more of the readings unaffected by the stress concentrations than
in the case of double loads being applied. The same local effects
associated with diaphragms and discussed in 5.3 apply for Loadcase
4.6. :

Figures 5.18 and 5.19 show the various stress diagrams from both
the theory and the experiments for Toadcases 4.4 and 4.6.

In overall terms, for Loadcase 4.4, the differences between theory
and the stresses from the model tests readings are consistently
very small at both midspan and quarter-span sections for
longitudinal as well as transverse stresses. Shear stresses were
not measured at the unloaded section, i.e. at midspan, so that
these are not part of this assessment.

Good correlation between results are also found for Loadcase 4.6,
notably for the longitudinal stresses and transverse stresses at
midspan, i.e. the unloaded section. The transverse stresses at
quarter-span are affected by the presence of the diaphragm and
shear stresses were not recorded at the unloaded midspan section.

The main conclusion to be drawn from the results for 4.4 are:
Since the transverse bending stresses are proportionally smaller
than the Tongitudinal stresses than was the case for the loadcases
discussed in Section 5.4, the Poisson's ratio effect on the stress
values in both direction is smaller and consequently there is
better agreement between the measured and the experimental values.
Also the addition of longitudinal bending stresses which in
previous Tloadcases showed good correlation between the theory and
the experiments results, adds to the improvement in the agreement
between the stresses. :

On the basis of the good agreement of the theory with the observed
values for a combination of all action types, the recommended
analytical method gives results that are adequate for use in the
design of concrete box-girders for the categories defined here.
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-CONCLUSTON
Genera]k
The .experimental results confirm the accuracy of the Analysis
method for the individual structural action types, as well as for
combinations. No major discrepancies were found and the measured
stresses also follow the trends set out in the parameter study.
Using a programmable hand calculator takes too long to produce
results and for this to be a feasible method of analysis it should
be available in program form. :

Experimental work

For research involving multiple strain gauge readings on this
scale, a data logging system should have been available to speed
up and and to optimize taking readings and to process the results.

Analytical work

Shear lag and bending

Shear lag does significantly increase the longitudinal flange
stresses over the webs in the vicinity of the loaded section and
must be considered for the design of members.

The shear lag effect extends further away from the loaded section
thanlqredicted by the theory presented by Schmidt, Peil and
Born '

Torsional warping

The torsional warping analysis under-estimates the actual
stresses. However, this is not a serious source of error in terms
of the total stresses since these are usually less than a quarter
of the total warping stresses and are also highly localised
Tongitudinally.

The torsional warping theory gives better results for shallower
sections.

Combined torsional warping, St Venant torsion, distortional
warping and transverse bending

The Poisson's ratio effect, although it has a major influence on
the longitudinal stresses on the outside surfaces of the models,
ceases to exist ‘at the mid-lines of the flanges and webs, i.e. at
“the neutral axes of transverse bending. Therefore from a design
point of view these have local implications only.

A sufficient degree of shear lag in warping takes p]ace at the
loaded sections to warrant further study.
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Combination of all action types

The analytical method gives good results for a combination of all
structural action types (as for 4.4) and on this basis is adequate
for the design of concrete box-girder bridge decks.
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Tables of Experimental Results
Strains given in millistrain units

Stresses given in MPa
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B.1

APPENDIX B

TABLE 9 of the Technical Report - ie giving Tongitudinal torsional warping
functions for concentrated torsional moments applied to box girders
without warping restraints at the supports
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APPENDIX-C

TABLE 16 of the -Technical Report - ie-giving 1ong1’tdd1’ha] distortional
~warping functions for concentrated torsional moments applied to box

C.1

girders without warping restraints at the supports
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APPENDIX D
 TABLE 2 of the Technical Report - Kog values

T~

. Figure 51: Points on cross-section at which
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- APPENDIX E

Examples of typical analysis using the recommended method of analysis
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