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ABSTRACT

The behavior of steel support diaphragms in box girders is
complex and cannot be adequately described by éimple analytical
methods. As a result semi-empirical procedures are often used for
their design. This study evaluates three such procedﬁres and comments
on their adequacy. Also,simple rules are developed to ensure an

efficient diaphragm design.
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INTRODUCTION

Steel box girders have ;he advantage of not only being efficient
in bending and torsion, but also of being aesthetically pleasing. As
a result they have been extensively used as components of bridge
superstructures.

The behavior of steel box girders is similar in many respects
to that of steel plate girders. Design rules which cover the behavior
of plate girders can often be extrapolated to cover the behavior of
box girders. However thefe are several fundamental differences between
the behavior characteristics of these types of girders, which must be
taken into account in a rational design approach.

One of the most important of the unique features of box girders
is the manner in which the vertical loads are transferred from the
girder webs to the bearings. This is illustrated in Figure 1. 1In
plate girders these loads are transferred directly to the bearing
through bearing stiffeners acting as étruts. In box girders the
bearings are not c0mmoniy located directly beneath the webs, and the
vertical loads must be transferred from the webs to the bearing through
a diaphragm. This creates a complei sﬁate of stress in the diaphragm.
Thus, vertical stresses are pfesent due to the vertical loads, while
horizontal.and shear stresses are present due to the beam action of
the diaphragm spanning over the bearing.

Traditionally, support diaphragms were designed as perfectly

straight and initially stress free elastic plates.a) The strength of

~ the slender plates after buckling was ignored, and the capacity was



based on the elastic buckling strength. It was felt that in actual
structures the post-buckling reserve strength would compensate for the
weakening effects of geometric imperfections and residual stresses. |
However, for plates with the relatively small slendernesses typical

of those used in bridge support diaphragms, the post-buckling reserve
strength is small, whereas the weakening effects due to geometric
imperfections and residual stresses are not.

In June, 1970, a steel box girder bridge under erection at
Miiford Haven, Wales, collapsed due to failure of the pier support
diaphragm.z) The subsequent inquiry revealed that not only was the
diaphragm out of flat by 3/4 inch, but also that it was not correctly
centeréd over the beariﬁg. These effects subjected the diaphragm to
out-of=plane bending moments for which it was not designed.

As a result of this and other box girder failures, the British
Government set up a committee to establish rules to govern the design
and construction of box girders. These rules were subsequently named
the "Interim Design Ruies"cgkr the "Merrison Reporf" after the name
of the committee chairman and placed considerable eﬁphasis on the
weakening effects of geometric imperfections and residual stresses.
Unfortunately, the rules were also quite complex, and the resulting
designs tended to be overly conservative at times.

Subsequent work has been done at the Transport and Road
Research Laboratory in England,@)to formulate (within the context of
the Design Rules) simpler and less conservative rules fof the design

of support diaphragms. In North America, Wolchuk and Mayrbaurl

proposed rules for the design of all components of steel box girder



(5)

bridges, including support diaphragms:

éince the advent of the Interim Design Rules, the design of
support diaphragms has been conservétive due to the lack of under-
standing of their behavior. As a result, heavily_stiffened diaphragms
which are expensive to fabricate, due to the large amount of labor
involved in ins;alling the stiffeners, have become the norm in bridge

construction.



SCOPE OF STUDY

Most steel box girder bridges can be classified into two
categories}z)as follows:

(1) Long span bridges composed of a single steel box supported
on twin bearings, with a composite steel-concrete or an orthotropic
steel deék, as shown in Figure 2a.

‘  (2) Short to medium span bridges, composed of several steel:
boxes connected by exfernal diaphragms at the supports, and having
a composite steel-concrete deck, as shown in Figure 2b.

This study will examiﬁe the behavior of support diaphragms for
the secoﬁd fype of bridge only, as‘this type has been used almost
exclusiﬁely in North America. The support diaphragms are assumed to
be rectangulaf or mildly trapezoidal (webs make an angle of less than
30f with the vertical) in shape.

Although diaphragms with inspection manholes are commonly used
in bridges,'the resulting complexities in behavior are considered
beyond the scope of this study. The holes are typically placed in a
lightly stressed area of the diaphragm, i.e. near the top of the
diaphragm, directly over the bearing, and surrounded by stiffeners.

Diaphragms supported on a single bearing and with twin load~bearing

istiffeners may have the stiffeners placed in a V shape, allowing a

larger manhole to be used. Despite these precautions, the manhole
is often the weakest link in the diaphragm system, and should be the
topic of additional research.

Steel box girders often have intermediate diaphragms in addition



to support diaphragms. Their primary function is to reduce distortion
of the girder cross-section, along with the accompanying longitudinal
and transverse strésses. In addition, they provide extra stiffness

to the box girder during construction before the deck is placed.
Intermediate diaphragms are not as heavily loaded as support diaphragms,
and are pften conétructed as cross frames rather than solid plates.

For this reason they are not included in this study.



BEHAVIOR OF SUPPORT DIAPHRAGMS

3.1 Loads on Support Diaphragms

In general, support diaphragms may be subjected to vertical
loads, horizontal loads acting perpendicular to the plane of the
diaphragm, and horizontal loads acting in the plane of the diaphragm.

The vertical loads acting on the diaphragm are due to the
weight of the bridge superstructure and the bridge traffic. They are
transferred to the diaphragm through thé girder webs, and can be
seperated into symmetric and anti—éymmetric components, as illustrated
in Figure 3. For typical box girder geometries and spacings, the
symmetric component of load produces larger moments and shears in the
diaphragm than does the anti-symmetric component. Under symmetric
loading the pbints of contraflexure in the diaphragm are near the
locations of the webs. As a result, the internal diaphragm is
subjected to a distribution of moments similar to that which would
exist if the external diaphragms were not present. The anti-symmetric
componént of load results from torsion in the box girder, and is
resisted by the external diaphragm spanning between adjacent boxes.

If the box.girder webs are sloped, there will be a horizontal as well
as a vertical_component to the shear force in the web. This component
of shear produces horizontal loads in the diaphragm.

Horizontal loads ;cting perpendicular to the plane of the
diaphragm are caused by.longitudinal traffic forces, wind, girder

length changes due to temperature effects at fixed bearings, and

friction forces at expansion bearings. These loads produce out-of-plane



‘bending.moments in fﬁe diaphragm. If the support diaphragm is not
directly centered over the bearing due to construction misalignments
or temperature movemenf, the resultant eccentric bearing reaction
will cause an additional bending moment in the diaphragm. It will be
recalled that this'was one of the primary causes for the Milford
Haven bridge failure. Diaphragm stiffening is required to resist
these large out-of-plane moments.

Horizontal loads acting in the plane of the diaphragm are caused
by creep and shrinkage strains in the concrete deck, by lateral
tempeféture movements being resisted by the bearings, and by wind
action. The horizontal forces due to creep, shrinkage and temperature
movemént, can be reduced if some of the bearings are allowed to move
in the lateral directionf The horizontal loads produce axial forces

and bending moments in the diaphragm.

3.2 Experimental Behavior of Support Diaphragms
Experimental research on the behavior of support diaphragms
has been conducted at Imperial College and the Transport and Road

(6,7,8) This work covered a number

.Research Laboratory in England.
of types of diaphragms, ranging from unstiffened, rectangular diaphragms,
to orthogonally stiffened, trapezoidal diaphragms. The diaphragms
tested ﬁere loaded by concentric vertical loads applied to the girder
webs. No horizontal loads were applied. This section will summarize
the research results which are most relevant to multi-box girder

systems, of the type shown in Figure 2b.

Support diaphragms behave elastically at low to moderate loads.



However, yielding can occur.adjacent to the bearing, due to stress
conceﬁtrations caused by bending of the diaphragm over the bearing and
. construction misalignments of the bearing surfaces. 1In addition, the
diaphragm plate and stiffeners aré not fabricated perfectly flat, due
to fabrication tolerances. This results in the diaphragm deforming
out-of-plane as soon as load is applied.

At increased loads the yielded portion of the diaphragm expands
upward and outward from the bearing towards the web, as illustrated in

4.(8) The size of the yielded zone at failure depends on the

Figure
slenderness ratios of the stiffeners, and of the plate panels bounded

by the stiffeners, webs and flanges. Naturally, stocky diaphragms are
likely to have larger yielded zones at failure than slender ones.

There are several different mechanisms by which a support diaphragm
can fail. For typical box girder diaphragms, these failure mechanisms
all involve inelastic buckling.

Figure 5 shows a typical collapse mechanism for an unstiffened
support diaphragm. Buckling action commences at a distance of approx-
imately one-third of the total diaphragm depth above the bearing. The
presence of the box girder bottom flange provides a stabilizing effect
through rotational restraint of the base of the diaphragm.

The mechanism causing failure of support diaphragms with load-
bearing stiffeners is governed by the stiffener size. For light stiff-
eners the failure mechanism is similar to the one causing failure in
unstiffened diaphragms. Failure now not only involves buckling of the
- plate, but also buckling of the load-bearing stiffeners. Stiffener

failure may be due to either flexural or torsional (twisting of the



_ stiffener while the diaphragm plate remains flat) buckling. For heavy
stiffeners, buckling of the plate occurs with the load-bearing stiffeners
remaining straight. The resulting failure mechanism is éhown in Figure 6.

Support diaphragms with orthogonal stiffening show more complex
behavio; than that described for unstiffened or vertically stiffened
diaphragms. Initial inelastic buckling of the diaphragm is confined to
individualvplate panels, and redistribution of load between panels is
possible. At higher loads, buckling of the intermediate stiffeners
between panels allows the formation of an overall failure mechanism. It
is similar fo that of an unstiffened diaphragm.

An alternate load path for carrying loads from the girder webs
to the bearing is provided by the box girder bottom flange. For heavily
stiffened flanges the percentage of load carried in this fashion can be
as high as 30% of the total. The effect of this destabilizing force in
a critical area of the flange requires further study.

The state of stress in a loaded support diaphragm is complex, and
includes in-plane vertical, horizontal and shear stresses, in addition
to out-of-plane bending stresses. This stress state is described
briefly in the following paragraphs.

The vertical strésses in a support diaphragm are due to both
axial load and out of ﬁiane bending moment. The_distribution of
vertical stresses across the width of the diaphragm due to axial load
is shown in Figure 7b. The stresses decrease to zero at the webs, due

(8)

to shear lag, and are at a maximum over the bearing. The vertical
stresses due to out of plane bending moment are resisted by the load-

bearing Stiffeners, and are distributed linearly over their depth.
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Vertical stresses over the bearing are larger at the edges of the bearing
than,ét the center, due to bending action of the diaphragm.

Support diaphragms are also subjected to horizontal stresses,
due to deep beam action of the diaphragm in spanning over the bearing.
Their distribution over the diaphragm depth is shown in Figure 7c.

The sloping webs of trapezoidal diaphragms generate horizontal éompressive
forces in addition to those due to bending action. Due to Poisson's
effect, the longitudinal stresses in the box girder flangeswill reduce
these compressive stresses. The simultaneous presence of both vertical
and horizohtal compressive stresses in the lower regions of the diaphragm
causes destabilization of this critical area. However, it is possible

to strengthen the diaphragm by using horizontal stiffeners.

Transfer of the vertical loads from the girder webs to the
.bearing is effected by shear stresses in the diaphragm. If the horizon-
tal distance between the web and bearing is small, the distribution of
shear over the depth will be as shown in Figure 7d. This peak becomes
less pronounced as the distance between web and bearing increases. If
shear is carried by tension field action in the web, the distribution
of shear trénsmitted to the diaphragm will be altered, as shown by the
dashed line in Figure 7d,.due to the action of the web hanging off the
top of the diaphragm.

With the exception of load-bearing stiffeners, diaphragm
stiffeners are usually not highly stressed. However; horizontal
stiffeners near the bottom of trapezoidal diaphragms can become highly

stressed if the surrounding plate buckles.
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3.3 Theoretical Prediction of Support Diaphragm Behavior

The ﬁfediction of support diaphragm behavior involves the analysis
of the intéraction‘betweén instability andbplastic deformation in
stiffened plétes. Because of the plastic deformations, elastic buckling
solutions can not be used directly to predict diaphragm capacity.

(9,10) developed a

To solve this problem, Crisfield and Puthli
finite element program which takes into account both geometric and
material nonlinearities. The program can not take into account local
stiffener buckling.

The model analysed by the finite element program consisted of
a diaphragm with adjacent portions of web and flanges, aé shbwn in
Figufe 8. The flange was assumed to be cut along lines of zero
trénsversé shear. .Three-dimensional analyses of the box girder region
over the support have indicated that this is a conservative assumption.(ll)

The diaphragm can be assumed to be either simply supported or
restrained at its boundaries, i.e. at webs and flanges. Three dimen~
sional finite element analyses have also shown that the box girdér
flanges will not destabilize the diaphragm, and a lower bound solution
will be obtained by assuming simply supported edges.(ll)

The accuracy of the results obtained from the finite element
program_have been vérified through comparisons with experimental results
for unstiffened diaphragms, and for diaphragms with load-bearing stiff-

(9,10 ’Compérisons have not been made with orthogonally

eners only.
stiffened diaphragms, because of the amount of computer capacity required
for the analysis. In the comparisons between theoretical and experimental

results, the geometric imperfections of the diaphragm plates and
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stiffeners were represented as the sine waves which best fit the
actual imperfections. Residual stresses were not taken into account.

The experimental collapse loads obtained from the diaphragm
tests were in all cases bounded by the finite element results which
assumed simply suppdrted and restrained boundary conditions for the
diaphragms. One of the major limitations in predicting accurate dia-
phragm failure loads therefore is tﬁe ability to predict diaphragm
boundary conditions. The finite element program was also able to
predict the proper failure mechanisms for the test diaphragms.
‘Comparisons between experimental and theoretical stresses for vertical,
horizontal and shear stresses in the diaphragm plates and vertical
stresses in the load-bearing stiffeners are given in Reference 8. The
comparisons are good considering the complexity of the problem.

The finite element program was used to conduct parametric studies

(9,10) The para-

on support diaphragms with load bearing stiffeﬁers.
meters studied were the diaphragm width and depth, the offset of the
girder web from the bearing, and the stiffener depth. The effects of
geometric imperfections and eccentric loading were considered in the
analyses, bﬁt the effect of residual stresses-was not,

The results for one series of diaphragms, as shown in Figure 9,
are discussed below. Diaphragms with stiffener depths greater than
190mm (11.5% of diaphragm height) all have approximately the same
failure load. Failure is due to a locai shear-compression buckle in
the plate, with the stiffener remaining straight as shown in Figure 6.

After buckling the plate is able to hang from the stiffeners in a

tension field. This accounts for the post-buckling capacity.
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For stiffener depths less than 100mm (5.5% of diaphragm depth)
failure is due to overall buckling of the diaphfagm, initiated by
buckling of the stiffener. This is shown in Figure 5. These diaphragms
have the post-buckling strength characteristic of slender unstiffened
diaphragms.

There exists a diaphragm depth between 100mm and 190mm for which
the elastic Euckling loads of the stiffener and plate are equal. At
this "critical" stiffener depth there are no alternate load paths in
the diaphragm subsequent td buckling. TFor all of the series of
diaphragms studied, theibiluré load was farthest below the elastic
buckling load when the stiffener depth was close to this "critical"b
value.

When the diaphragm is loaded with an eccentric load, its capacity
is significantly reduced, except in the case of diaphragms with heavy
stiffeners. The failure mechanism also can change from a plate mechanism
to an overall stiffened plate mechanism.

Analysis of all the diaphragms showed that when a diaphragm has
a shear'yield load significantly greater than the elastic buckling
load, the failure load of the diaphragm is greater than the elastic
buckling load. Thesé diaphragms are relatively insensitive to the
magnitude of plate geomefric imperfectiéns. When the shear yield load
is close to the elastic buckling load, the failure load is significantly
less than the elastic buckling load. These diaphragms are moderately
sensitive to the magnitude of plate geometric imperfections. All the
diaphragms aré moderately sensitive to the magnitude of stiffener

geometric imperfections.



DESIGN OF SUPPORT DIAPHRAGMS

There are several codes available which provide design rules for
steel support diaphragms. All of them are based on load factor design,
which in most instances represents a fore-runner to limit states design.

The code which first gave in-depth guidance to this problem
was the Interim Design Rules, or the Merrison Report, which was published

in England in 1973.(3)

However due to the urgent need for this code at
the time of its preparation, it was necessary to draft it as quickly as
possible. As a result the rules became complex, and generally result
in conservative designs. Subsequent work done at the Transport and

(4)

Road Research Laboratory resulted in proposed modifications that
would make the rules less conservative.

North American design rules for box girders, including provisions
for support diaphragms, have been proposed for inclusion into the AASHTO

() Their physical incorporation is still (1981) pending.

specifications.

This chapter will examine the different codes, and compare their
design rules for support diaphragms. It is noted that the comparison
should also extend to the loads to which the diaphragm can be subjected.
Unfortunately, loads dﬁe'to traffic, wind and temperature variation are
difficult to compare between jurisdictions, due to differences in
climate and legal truck configurations; For the purposes of this study,
it will therefore be assumed that the design loads in the different

codes represent actual loads, and do not include any built in factors

of safety.

14
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4.1 Interim Design Rules (Merrison Report)

These rules apply to diaphragms which are symmetrical, rectan-
gular or trapezoidal (sides sloped less than 30° from the vertical) in
shape and with a materiai yield stress less than 355MPa. This incor-
porates most of the common structural steels. The diaphragms are to
be designed to resist vertical, horizontal, éhear and out-of-plane
stresses.

The bearing reaction force produces vertical forpes in a support
diaphragm. The designer may assume that these fofces will be resisted
by the diaphragm plate and its load-bearing stiffeners acting together,
or by the load-bearing stiffeners only. The force distribution is
approximated as going linearly from zero at the top to a maximum at
the bottom. The maximum effective width of plate which can be assumed
to act in concert with the stiffeners is shown in Figure 10. This width
decreases towards the bottom of the diaphragm. Vertical stresses
oﬁtside the effective width of plate used‘in the design are assumed to
be redistributed into the effective width. When designing the plate;
the stiffeners may not be taken as 100% effective in resisting load,
and vice versa.

Horizontal stresses are due to deep beam action of the diaphragm
across the bearing. The»distribution of these stresses with diaphragm
depth is non-linear, however, for design purposes it is assumed to be
iinear. Parts of thé girder flanges, similar to those shown in Figure 8,
are assumed to act togethér with the diaphragm. The horizontal stress
distribution is modified by the effects of creep and shrinkage of the

~ concrete deck, temperature differential between the concrete deck and
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steel diaphragm, and by Poisson's effect of longitudinal stresses in
the girder flanges. In addition, transverse shear stresses are taken
to act on the cut edges of the girder flanges. Trapezoidal,diaphragms
are also subjected to horizontal stresses due to the horizontal com-
ponent of shear in the girder webs. These stresses are assumed to be
constant over the diaphragm depth.

Shear stresses are transferred into the diaphragm through the
girder webs. Their actual distribution over the diaphragm depth is.
approximated by two straight lines, as shown in Figure 11. The equations
of these lines are a function of the distance between the girder web and
the edge of the bearing. Regions of the diaphragm subjected to ;ow
shear stresses, such as between load bearing stiffeners, are to be
designed for 25% of the average shear stress at the girder web. This
is a conservative simplification.

Additional vertical stresses are caused by horizontal forces
acting perpendicularly to the plane of the diaphragm, and by eccen-
trically applied vertical forces. The horizontal forces are caused by
traffic and wind loads, and by temperature variations. In addition,
movements due to temperature variations may cause the diaphragm to be
supported eccentrically on its bearing. It is also required that all
diaphragms be designed for eccentricities beyond those caused by the
applied loads and temperature variations, to account for construction
tolerances when placing the bearing. The vertical stresses are assumed
to increase linearly from zéro at the top of the diaphragm to a maximum
at the bottom, and must be resisted by full depth load-bearing

stiffeners.
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The Interim Design Rules are concerned only with the design of

individual plate panels and stiffeners. It is assumed that if these

.components are adequately designed against instability, the overall

stability of the diaphragm need not be a design consideration. This
is due to the conservative assumptions that are made for the design
of the plate panels énd stiffeners, i.e. plate panels are simply
éupported and incapable of redistributing stress, and the plate has no
stabilizing effect on the intermediate stiffeners.

In order to calculate the coliapse load of an individual plate
panel,-its elastié buckling stress must first be determined. The actual
state of stress at the boundafies of the panel is reduced to a set of

normal and shear stresses, as shown in Figure 12. From these stresses

~.and from the assumption of a simply supported plate, the elastic

buckling stress can be determined.

The magnitude of the plate collapse stress is a function of the
ratio of the elastic buckling stress to yield stress, geometry of the
plate, ;tate of stress at plate boundaries, and initial geomeﬁric
imperfections. It can be determined from charts given in the Interim
Design'Rules, which in turn have taken the data from plate buckling
étudieg. The ﬁlate éollapse stress must be greater than the maximum
equivalenf‘streés in the panel, determined by combining the individual
stresses in the panel using Von Mises criterion. 1In recognition of the
fact that some yielding of the steel can occur prior to collapse, a
boundary around the edge of the panel, with a width equal to 5 times
the diaphragm thickness may be excluded when calculating the maximum

equivalent stress.
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-Plate panels directly over the bearing and between the bearing
and the,girder web must be stocky enough so that redistribution of the
stress concentrations at the bearing will not cause them to buckle.

Load~bearing stiffeners must be symmetrical about the mid-thickness
of the diaphragm plate. Their maximum capacity is governed by either
their yield stress or their torsional buckling stress, reduced by any
residual stress effects.

The stresses applied to the stiffener include not only vertical
stresses due to vertical and out-of-plane loads, but also stresses due
to the P-{Seffect resulting from stiffener deformations. The assumed
distribution of these stresses along the stiffener is shown in Figure
13. Their magnitude can be determined if the ratio of stiffener elastic
buckling load to applied load, the stiffener élenderness ratio, and the
initial geometric imperféctions are known; The elastic buckling load
must take into account both stabilizing and destabilizing effects from
the adjoining plate. The stabilizing effects are a function of the
geometry of the diaphragm only, whereas the destabilizing effects are
a functionvof geometry as well as horizontal stresses in the plate.
The‘effective slenderness ratio of the stiffener decreases with increas-
ing eécentricity of the applied load.

Intermediate stiffeners divide the diaphragm into individual
panels. Their design is based on criteria similar to those used for
loadfbeafing stiffeners. However, the design equations for inter-
mediate stiffeners are based on having a minimum slenderness ratio,
rather than a minimum load capacity. Intermediate stiffeners may be

placed on one side of the diaphragm only. As a result of this
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unSymmetrical shape, the stiffener will have collapse loads that depend
on the buckiing direction. The diaphragm plate is assumed to have no
stabilizing effect on the stiffeners. This is conservative, but

specific data 1s very scarce.

4.2 TRRL Modifications to Interim Design Rules

" Modifications to the Interim Design Rules have been proposed
by the Transport‘aﬁd Road Research Laboratory, based on the results
of a large deflection'inélastic finite element program. A>study of
these results haé given a simpler failure criterion, which can be
applied to diaphragms with load bearing stiffeners only. Basically,
failure of the plate has occurred when it reaches yield at the center
of‘the shear;and—coméression buckle in the lower half of the outer
panel, as shbwn in Figure 1l4. This allows for some yielding of the
plate around the bearing and along the web pfior to collapse. The
1ohds»corresponding to this first yieid criterion are approximately 75
to 90% of the‘collapse loads.

The faiiure criterion for the stiffenef is first yield. This
can occur at loads from 92% of the collapse load (concentric loading)
.to 657 of the collapse load (loading with 10mm eccentricity). For
larger eccentricities this failure criterion may be even more conserva-
tive.

ATo determine the collapse load éf the plate, the stresses at
Point C (see Figure 14) must first be determined. The vertical
stresses are calculated onithé assumption that a constant effective

width of the plate écts together with the loéd—bearing stiffeners.
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Finite element analyses havg shown that decreasing the effeétive width
at the bottom of the diaphragm, as is required by the Interim Design
Ruleé, produces overly conservative designs. Horizontal stresses are
calculated in the same manner as for the Interim Design Rules, with the
exception that no shear stresses are applied to the cut edges of the
girder flanges. The.horizontal stress at Point C is taken to be one-
sixth the horizontal stress calculated at the bottom flange. Both the
vertical and horizontal stresses calculated in this manner are conser-
vative, compéred to the results of finite element analysis.

" The shear stress at Point C (see Figure 14) is taken as the
average shear stress in the plate. This is unconservaﬁive,_because
the actual shear stress distribution is nonuniform with local stresses
exceeding the average by 20%. However, it is felt to be justified
because of the conservative assumptions made when determining the
vertical and horizontal stresses.

Based on these computations, the elastic buckling stress is
determined using the procedure given in the Interim Design Rules. With
the elastic buckling stress and geometric imperfections of the plate
known, the state of stress which will cause yielding i.e. failure at
Point C, can be determined.

Thé failure loads obtained for the plate by these methods are
conservative, compared tokthe finite element results. However, they
are 5 to 20% less conservative than those found by using the Interim
Design Rules.

The load-bearing stiffener capacities are cﬁecked, using a

procedure similar to the one of the Interim Design Rules. However,
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several discrepancies in the Interim Design Rules have been corrected.
First, the stiffener elastic buckliﬁg loads were found to be greater
than those_giveh by the finite element results. It appearéd fhat theA
sﬁabilizing influence of the plate on the stiffener had been included
twice. Thus, an effective width of plate had been assumed to act
together with the stiffener when calculating stiffener properties. The
same width of plate was incorporated an additional time by using a
plate stabilizihg term in calculating the stiffener elastic buckling
load. This was corrected by taking the stiffener buckling load to be
the buckling load of thebstiffener acting alone, plus a portion of the
unstiffened plate buckling load. The portion of unstiffened plate
buckling load depends on the ratio of stiffener buckling load to plate
buckling load, and automatically provides a destabilizing effect if
the plate buckles before the stiffener.

| The second discrepancy concerns the effective width of plate
to be used when calculating verticai stresses in the stiffener. The
narrowing of the effective width at the bottom of the diaphragm is
overly conservative, as finite element results show no peak in the
vertical stresses at this point. The stress distributions applied to
the stiffener are otherwise the same as those used in the Interim
Design Rules.

With the applied stresses, the elastic buckling load and the
initial geometric imperfections known, the load on the stiffener which
causes first yield can be calculated.

Although the discrepancies in the intefim Design Rules appear

to be self-cancelling under concentric loading, this is not true when
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eccentric loads are applied. The modified rules are 10% less conserva-
tive for a loading eccentricity of 10mm. In addition, they correctly
predict the location of first yield in the stiffener, whereas the Interim

Design Rules do not.

4.3 Proposed Design Specifications for AASHTO

These design specifications have been heavily influenced by
the Interim Design Rules. In fact, the Interim Design Rules are given
as a generallreference for the clauses relating to diaphragms.

Vertical forces in the diaphragm are due to the bearing reaction
force. They are assumed to vary linearly from zero at the top of the
diaphragm to. a maximum at the bottom. The effective width of plate
which can be assumed to act together with the load-bearing stifféners
in resisting vertical forces is not given. However, a maximum effective
width of 18 times thé diaphragm thickneés is implied, as this is the
effective width of plate to be used when calculating stiffener
sectional properties. Theveffective width can not be greater than the
width of‘the bearing, plus 2 times the flange thickness at the base of
the diabhragm. |

Horizontal stresses in the diaphragm‘are due to deep beam
action of the diaphragm spanning over the bearing, and the horizontal
component of shear in sloping girder webs. They are calculated using
the same assumptions as the Interim Design Rules. The only exceptions
are that the transverse shear stresses on the outside faces of the
girder flénges may be‘taken as zero, and that Poisson's effect of the

longitudinal stresses in the girder flanges is neglected.
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Shear stresses in the diaphragms are due to transfer of shear
from the webs to the bearing. They are assumed to be uniformly
distributed over the diaphragm depth although lower panels in stiffened
diaphragms are to be designed for stability using a 30% increase in
shear stress. This is in recognition of the fact that large local
stresses may occur in the lower regions of the diaphragm. To keep
these stresses to a minimum, the girder web is not to be closer to the
bearing than 0.2 times the diaphragm depth.

Vertical stresses due to horizontal loads acting perpendicularly
to the diaphragm, and aue to eccentrically applied vertical loads must
bg resisted by full depth load-bearing stiffeners. All diaphragms must
be designed for an eccentricity in addition to that caused by the
applied loads. This will account for construction tolerances in placing
the bearing.

Deéign rules are given to ensure-that the individual plate
Panels have adequate strength and stability. In addition, the panels
in the lowefpdrtibn of the diaphragm are to Be stocky (depth to thick-
ness ratio léss than 40), to allow for some redistribqtion of stress.
As in the Interim Desigﬁ Rules, the overall sﬁability of the diaphragm
need not be a design consideration if its individual components are
adequately designed againét collapse. This is probably conservative
although the evidence is not conclusive.

The stability of the plate panels is checked, assuming that
they are subjected to horizontal coﬁpression and shear stresses only.
The panel is assumed to be capable of redisﬁributing any vertical stresses

to the load—bearing stiffeners, including their effective width of plate.
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Thé individual capacitiés of the panel in shear, compression and bending
are determined seperately. For stocky panels the platevcapacity is
governed by yielding, while for slender panels it is governed by

elastic buckling. A transition curve between these two cases (which

is a function of the ratio of elastic buckling load to yield load) is
érovided for panels which fail due to inelastic buckling. The transi~-
tion éurve takes into account the weakening effécts of residual stresses
and geometric imperfections on the pléte.

The panel design stresses are taken as those midway between the
panel edges, as shown in Figure 15. Unlike the Interim Design Rules,
which consider stresses at each point individually when determining
plate cépacity, these rules consider stresses in a region. This is a
more realistic concept, as collapse‘of the panel is a function of the
stress distribution throughout the éanel rather than the stress at a
single point. If more than one type of stress is present, an interaction
equation based on elastic theory is used to determine overall plate
capacity.

The applied shear stresses can not exceed the shear yield stress,
modified for the simultaneous prescence of axial stresses. In addition,
the equivalent stress af any point in the panel as determined by the
Von Mises criterion can not exceed the yield stress.

Load-bearing stiffeners are designed as compression members,
and must be symmetric about the diaphragm mid-thickness line. An
effective width of plate is assumed to act together with them, but no
othef stabilizing or destabilizing effecté of the plate are considered.

However, design rules are given to ensure that the ratio of the moment
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of inertiavof the stiffener to thatvof the adjacent plate is large
enough to keep any destabilizing forces to a minimum. The applied
stresses are assumed ﬁo vary linearly from zero at the top of the
stiffener to a maximum at the bottom.

B The s;iffeners are designed for strength and stability, using
the brovisions presently in AASHTO for the design of coiumns subjected
‘to axial load and moment. These are the same provisions as those used
for the design of load-bearing stiffeners in plate girders. In addition,
the maximum bearing stress at the base of the stiffeners can not exceed.
the yield stress. A restriction is also placed on the maximum slender-
ness of a load-bearing stiffener, in order to keep the torsional
buckling stress higher than the yield stress.

Intermediate stiffeners divide the diaphragm into panels, and may
be located on one side of the diaphragm only. Intermediate vertical
stiffeners are designed td satisfy the rigidity and torsional buckling

vrequirements fér load-bearing stiffeners. Intermediate horizontal
stiffengrs include an effective width of diaphragm plate, and are to
be.desighed as columns. The design load is the horizontal compression
stress acting at the stiffener location, multiplied by the effective
stiffener area. This load is applied eccentrically, to account for any
initial geometric imperfections. In addition, the horizontal stiffener
must have sufficient rigidity to force the development of a nodal line
in thé buckled diaphragm. The requirements preventing torsional

buckling of vertical stiffeners also apply to horizontal stiffeners.
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4.4 Comparison of Design Rules

A typical support diaphragm was designed according to the three
design specifications described in this chapter, and details of this
design are given in the Appendix. AASHTO specified 1oadé were used
when designing to all three specifications, but were increased
differently by using the load factors requifed by each specification.
Thejapplied loads correspond to a girder span of approximately sixty
metefs._

The maximum slenderness proviSioﬂs for plate panels in the lower
regions of the diaphragm were not enforced for any of the specifications,
as the Transport and Road Research Laboratory specification has no
such restriction. This allowed the diaphragms to be designed according
to.the three different specificétions for direct comparison. In an
actual design, the diaphragm plate would either have to be thickened,
or a horizontal stiffener added, tovlimit the slenderness ratio.

Figure 16 shows the diaphragms designed according to the three
different_specifications. The only dimension which varies, according
to which specification is used, is the stiffener depth. It decreases
byv33Z when the Interim Design Rules are modified using the Transport
and Road Research Laboratory proposals. This is to be expected as one
of'the major ijectives of the Transport and Road Research Laboratory
ﬁroposals is to make the Interim Design Rules less conservative for
stiffeners under eccentric loading. The stiffener depth for the
diaphragm designed according to the proposed AASHTO specifications is
midway between the other two depths. Small differences in requiréd

diaphragm dimensions do not show up in this comparison as the plate
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thicknesses used must be those which are commercially available. It
should be noted that the'load factors used in the proposed AASHTO
specifications are the load factors pregently used by AASHTO. Lower
load factors may be justified, as the weakening effects of geometric
imperfections aﬁd residual stresses which are traditionaliy accounted
for in the load factors have already been accounted for in the proposed
specifications.

The proposed AASHTO design specifications will be used for

designing the diaphragms in Chapter 5 of this report for the following

‘reasons:

1. Although they have the disadvantage of being in the proposal

- stage at this timé, in their basic form it is likely that they will be

the standard for design of diaphragms in North America.

2. They are-the most recent design rules and therefore reflect
the most up-to-date thinking on the subject.

3. They contain the simplest provisions of all that have been

evaluated here. The design of each component is not radically affected

by the design of the other components.



EFFICIENCY OF SUPPORT DIAPHRAGM SYSTEMS

This cﬁapter will examine three different diaphragm systems for
their efficiency in carrying load from the girder webs to the bearing.
The systems examined are unstiffened diaphragms, diaphragms with load-
»bearing stiffeners only, and diaphfagms.with load-bearing stiffeners
and a single horizontal stiffener. Out-of-plane stresses are not
considered in this comparison. These stresses are totally resisted by
the load-bearing stiffeners, and have no influence on the design of the
diaphragm plate. The diaphragm thicknesses considered in this compari~
son range from 8 to 24mm.

Figure 17 shows a plot of diaphragm capacity versus diaphragm
thickness for unstiffened diaphragms. The shear yield capacity is the
maximuﬁ.capacity the diaphragm can attain, even with stiffeners added.

The yield capacity of the diaphragm is the load at which the
maximum equivalent stress (according to the Vbn Mises criterion) in the
plate equals the yield stress. Widening the‘bearing under an unstiffened
'diapﬁragm can‘substantially increase the yield capacity, as the vertical
étress is the dominant stress. |

The buckling capacity of the plate governs the capacity of the
diaéhragm. For the 24mm thick diaphragm, the buckling capacity is less
than 14% of the shear yield capacify, and this ratio decreases for
smaller diaphragm thicknesses,

The éddition of load-bearing stiffeners to the diaphragm separates
the ﬁlate into two halves. This increases the buckling capacity of the

plate significantly, as shown in Figure 18. It is interesting to note

28
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that for ailvbut the extreme diaphragm thicknesses, plate failure is

due to inelastic buckling. Residual stresses and geometric imperfections
therefore have a decidedly weakening effect, as expected. For thick-
nesses greater than approximately 24mm, the buckling strength of the
plate exceeds the shear yield capacity, and any additional stiffeners
will not increase the strength.

Figure 18 also shows the yield capaciﬁy of the diaphragm wheh
infinitely large stiffeners are used, i.e. the vertical stresses go tb
zero. In practise there would be an economical limit fo the maximum
size of stiffener, and the yield capacity of'the diaphragm would be
lower than that shown.

In order for the diaphragm to satisfy the maximum plate
slendernesé requirements,.a horizontal stiffener must be added. Figure
19 shows the buckling capacities for the upper as well as the lower
plate panels for this case. For plate thicknesses greater than approx-

imately 12mm, the buckling capacity of the lower plate panel is governed

by shear yielding. The corresponding line in Figure 19 plots below the

overall shear yield capacity line of the diaphragm, because the lower
plate pénel is designed for a shear stress which is 30% greater than the
average shear stress. The buckling capacity of the upper plate panel
exceeds that of the lower plate panel. The capacity of diaphragms

more than 12mm thick therefore will not be increased‘by the addition

of more stiffeners. Lower plate panels less than 12mm thick are not

permitted by the design specifications, as their slenderness ratio

‘exceeds that required for a proper stress redistribution.

Load-bearing stiffeners are sized such that the yield capacity
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of the diaphragm plate will not govern the design. The size of the
lighter stiffeners is governed by stiffener capacity, rather than by
the yield strength of the plate.

Of the three diaphragm systems considered, only the diaphragm
with a horizoﬁtal stiffener satisfies the proposed AASHTO design
specifications. The stiffener should be located at a distance of
35 to 40 times the plate thickness above the bottom flange. This will
ensure that the lower plate panel fails in shear yielding, while keeping
the upper plate panel dimensions to a minimum.

The thickness of the diaphragm plate will be governed by the
required capacity of either the upper plate panel or the lower plate
panel. 1If the height of the diaphragm is greater than approximately
170 tiﬁés its fhickness, the upper plate panel capacity will govern the
design. Otherwise, the lower plate panel capacity will govern. The
most efficient design results when both plate panels have the same
capacity, i.e. when the diaphragm plate has a slenderness ratio of
approximately 170. If the applied loads on the diaphragm require that
a different plate thickness be used, then the efficiency of the diaphragm
wiil decrease.

Once the plate thickness has Eeen selected, the load-bearing
stiffeners can be designed. They must be sufficiently heavy to
prevent the maximum equivalent stress in the diaphragm from exceeding

the yield stress.



Transport and Road Research Laboratory modifications

SUMMARY AND CONCLUSIONS

This study haé examined the behavior of steel support diaphragms
in box girder bridges and the design specifications that may be used
for their design.

Tests on typical diaphragms have shown that failure is due to

inelastic‘buckling. This may be an overall buckling mode of the

'diaphragm, including stiffeners or it may be a local buckling failure

of the plate outside the bearing. Geometric imperfections, and to a
lesser éxtent residual stresses, reduce the failure capacity of the
diaphragm.

Diaphragms are subjected to a complex state of stress which
includes vertical, horizontal, and shear in-plane stresses, as well as
out-of-plane bending stresses. The distribution of these stresses can
not be adequately described by simple analytical methods.

Large deflection, inelastic finite element programs have been
used to énalyse steel support diaphragms. They give an adequate
description of the actuél diaphragm behavior if the diaphragm boundary
conditions are known. These programs have been used to conduct
parametric studies.pn diaphfagms with load~bearing stiffeners only.

These studies give relationships bétween shear yield load, elastic

buckling load, and collapse load for different diaphragms with different

geometric imperfections.

Three different design specifications were examined for use in

designing diaphragms. They were the Interim Design Rules,(3) the

(4)

to the Interim

31
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Design Rules, and thé proposed specification for AASHTO(S). The
proposed AASHTO design specification was chosen as the most satisfactory
set of rules for designing diaphragms. Although it ﬁas not yet been
formally approved as suéh, it reflects some of the latest thinking on
the subject of diaphragm design. Also, it is the simplest to apply of
any of the available design specifications.

A.design study of diaphragm systems was performed, using the
proposed AASHTO specifications. It was found that the most efficient
diaphragm has load-bearing stiffeners and one horizontal stiffener,
vlocated approximately 40 times the diaphragm plate thigknéss above the
bottom flange. The study also showed that the closer the diaphragm
height is to approximately 170 times the diaphragm thicknéss, the more

efficient the diaphragm will be.
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Figure 1 - Transfer of Vertical Load from Girder Webs to Bearings:
Comparison of Plate Girder and Box Girder Behavior
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Typical Long Span Cross Section

(b)

Typical Medium to Short Span Cross Section

Figure 2 - Steel Box Girder Bridges
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Figure 3 - Components of Vertical Load to be Transferred by Support
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Flgure 4 - Yield Zone in Support Diaphragm at 86% of Capacity
‘ (from Ref. 8)
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Figure 6 - Plate Failure Mechanism for Stiffened Diaphragm
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Figure 7 - Stress Distributions in Support Diaphragms
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(from Ref. 9)
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Figure 10 - Effectivé Width of Diaphragm Plate
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Figure 11 - Shear Stress Distribution for Usual Diaphragm Proportions
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Figure 14 - Growth of Yield Zox;es in Diaphragm Plate
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Figure 16 - Design Dimensions of Steel Support Diaphragms
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DESIGN OF STEEL SUPPORT DIAPHRAGMS

Ta]

22

ﬁ'(lff - 10000 ‘ >‘7<5.2|
L >

/

f‘fig"l 1J4 (Eyp.)

2000 .

i

l'41475 i 2850 ' 2850 ' 2850 ‘1475>i

F = 350 MPa
y .
Flanges — top 800 mm x 40 mm
- bottom 1850 mm x 35 mm
Bearings - 600 mm x 600 mm (rocker bearings)
Vertical loads

- dead load -~ 1000 kN/web (concrete deck)

350 kN/web (steel box)

250 kN/web (wearing surface)

- live load 850 kN/web

Horizontal load perpendicular to diaphragm

- temperature - 250 kN acting at centroid of box

A. DESIGN BY INTERIM DESIGN RULES (MERRISON REPORT)

Try 18 mm plate with twin 600 mm x 30 mm load-bearing stiffeners

(ignore maximum plate slenderness provisions - Clause 11.3.1)
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2000
d£=500
b
.
’Fn
@y
(WY
S
BT

D=
>
e

Design plate panel between load-bearing stiffener and web

Position of reference equivalent stress - Clause 11.2.6:
by inspection, Std = 90 mm above the bottom flange and Std = 90 mm

inside the load bearing stiffener

Vertical stress - Clause 11,2.2:

At distance 485 mm above bottom flange:

B_-j B, -B
_ B T B , _ 1850-600 2850-1850 _
beff =5 + 3 + 3 = 2 + A + 600 = 1350 mm

At position of reference equivalent stress:

beff =3+ 290 mm = 600 + 2:90 = 780 mm

Vertical load on diaphragm - Clause 4,2:

Combination 'a'
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R, = 2[(1.1+350) + (1.2+1000) + (1.25+250) + (1.5-850)] = 6345 kN « governs
Cdmbination 'h!

Rv = 2[(1.1-350) + (1.2+1000) +(1.25250) +(1.25¢850)] = 5920 kN

ZASZ - area of stiffeners

(600-18)+30¢2 = 34920 mm?
Rv(l-Z/D)

1 0.75%A b e z - height above bottom flange
sz eff D

‘At distance 485 mm above bottom flange:

_ 6345000 (1-485/2000)
1~ (0.75-34920)+(1350+18)

= 95 MPa

At position of reference equivalent stress:

. 6345000 (1-90/2000) .

1 B (0'75.34920)"'(780'18) = 151 MPa

o]

Horizontal stress - Clause 11.2.4:

Effective section resisting horizontal stresses

At distance 485 mm outside load-bearing stiffener:

B,~400 .
_N(Cr L | (2850-400) , .| 1
Wy, = [( 5 )—485] A [( > ) 485 -7

B_-400 -
) [( 3 )_485] 1 [(1850—400)_485J L1=60m 2W=120 m

n

185 mm 2WT=370 mm

=
[]

4 2 4

¥,=1195 mm ¥,=805 mm I=2962000 cm® -  IA=55000 mm>
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At position of reference equivalent stress:

_ [(2850-400\ _..].
iy = [(___2 ) 90]
_ |{1850-400\ . |.
iy - | (Legmsc0 ) )

Yp=1170 mm ¥,=830 mm 1=4531000 cm" £A=70000 mm?>

285 mm 2WT=570 mm

B

[

160 mm 2WB=320 mm

Applied moment:

M=—R—Y— .S+.R_V(BT-BB
2 2 2D

> (Y_~D/2) - conservative to ignore other effects
B .
i.e. transverse shears, Poissons effect, etc.

S - lever arm of vertical load

At distance 485 mm outside load bearing stiffener:

B, +B
s =< L B) - 485 - 200 = <3§§9%l§§g)- 485 - 200 = 490 mm
6345 6345 (2850-1850 ©2.00\ _
=222 . 0,49 + 220 ( 21 ><i.195* ——§—> = 1710 KN-m
%2 = 2962000 ( 80.5) 46 MPa at top of diaphragm
_ 1710000 ]
%0 = 3557600 (11975) 69 MPa at bottom of diaphragm
o = (Pr P8 _ 6345000 , (2850-1850\_ |, oo
2 " ZA\" 20 ) = 2-55000 2+2000

At position of reference equivalent stress:

s = <Z§§9%l§§9> - 90 - 200 = 885 mm

M= 2282 . 0 g5 + 8392 (233953330)(1-1713599> = 2940 kN-m
Opo = %%%%%%% + 108 = 70 MPa at reference point

o, = 44308 - (2015%0) _ 11 e



Shear stress -~ Clause 11.2.5:

1850-600
o e

)'= 0.31

2+2000
Z%ve
from Fig. 11.7
=] ' o= 0.18
Y
: = 0.25
a v
Tave . B =10.36
| | |°(z;ve

shear stress

R 6345000

Tave 2D5tD ~ 2200018

= 88 MPa

At position of reference equivalent stress:

90

0.36-2000 ~ 00 MPa

T = 88 + (0.18-88)

Reference equivalent stress

o, = /blz+022-oléoz+3rz = /151°+81%-151-81+3-90° = 204 MPa

Calculate capacity of panel - Clause 11.3.2.1:

55

treat panel as equivalent rectangular panel, height-2000 mm, width-975 mm

Equivalent stresses at panel boundaries

Vertical stress:

975

take at section == ¥ 485 mm above bottom flange

2
using Fig. 11.8



(Ta1= 48 MPa

N ' t={> 3K 2 2K XK
r41§4_+_;gz;_i o 975 l

Horizontal stress:

take at section 2%2 2 485 mm outside load-bearing stiffener
7"‘ 32 MPa » G':z= 35 MPa
+ 83 MPa
_ 83-32 83+32 _
0n2 = 7 + 12 = 35 MPa
Shear stress:
T =T = 88 MPa

eff ave

o, = V4824352-48+35+3.882 = 158 MPa

_ panel height _ 2000 _ 2.05

¢ = panel width 975
o g
o _nl _ 48 _ _nl _ 48 n2 _ 35 _
5 35 = 1.37 g =138 = 0-30 5 158 = 0-22
n2 e e

Elastic bucklihg stress:

2 t 2
g = k' .W_E<i_>
ecrit 11 975
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from Fig. 11.10 k' = 4.6

o = 4.6

ecrit

2 o \2
72.200000 [ 18 V¥ _
11 (975> = 281 MPa

0e

crit _ 281 -
o 350
y

0.80

Collapse stress:

from Fig. 1L.11 _wlt _ 4 73 % = 0.73-350 = 256 MPa
o ult
y
256 o _
222 wpa = 213 MPa

required capacity = 204 MPa therefore OK

Design plate panel between load bearing stiffeners

Position of reference equivalent stress - Clause 11.2.6

By inspection: 5t, = 90 mm above bottom flange and midway between the

d

load-bearing stiffeners

Vertical stress -~ Clause 11.2,2:

at distance 200 mm above bot tom flange

b = 3§ + 2200 = 600 + 2200 = 1000 mm
eff

_ 6345000 (1-200/2000)

9y = 0. 75+ 34920)+(1000 18) -~ 129 MPa

At position of reference equivalent stress

o, = 151 MPa as for first panel

Horizontal stress - Clause 11.2.4:

Midway between stiffeners

2850 _ ... _
=220 355m 20 =710 m
w. = 1850 _ 930 um 20 = 460 mm

B 8
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¥,=1155 mm ¥,=845 mm 1=5625000 cm" £A=80500 mm’
s =(Eg;E§) i (285021850) - 890 _ 105 mm
m 8345 L g ops 4 6343 (2$;9;ggg°)(1-155-%%)= 3375 Kav-n
Gbé = g%%%g%g-'A—84.5 = =51 MPa at top of diaphragm
°b2 = %g%%g%% * 115.5 =.69’MPa at bottom of diaphragm
Oy = g%%%g%% e 106.5 = 64 MPa at rgference equivalent stress

6345000 (2850-1850

%2 = 2780500 \ 2+2000 > = 10 MPa

Shear stress - Clausé 11.2.5:
Ry 6345000

= 8Dt = 82000°18

T = 22 MPa

Reference equivalent stress

o = YIST¥647-T51-64+3:22” = 137 MPa

Calculate capacity of panel - Clause 11.3.2.1:

height = 2000 mm width = 400 mm

2000 _

¢ =000

Equivalent stresses at pamnel boundaries

Vertical stress:

take at section ﬁ%g = 200 mm above bottom flange

g = 129 MPa
nl

Horizontal stress:

take midway between load-bearing stiffeners

_ 79-41 79+41
o, S+ S = 29 MPa
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Shear stress:

Teff = 22 MPa

o, = v129%429%-129+29+43+22% = 123 MPa,use 129 MPa

Elastic buckling stress:

a1 129 nl 129 . %2 29
it Y AW 12 2.
5, 29

from Fig. 11.10 k'=3.0

1090 MPa

g

. 3.0+m2+200000 «[18 \2
crit 11 400
(e} e .
crit =..1090 _

350

5 3.11
y

Collapse stress:

from Fig. 11.11  Sult o, = 0.80+350=280 MPa
(0]

- 0.8 ey,

280 _
T.‘i 233 MPa

reqﬁired capacity = 137 MPa therefore OK

Design load-bearing stiffeners

Vertical stress - Clause 11,2,2:

At base of stiffener:

b! = 600 mm R = 5920 kN comb 'b'
eff v )
R, 5920000
91s T 0.65b". t.4TA - 0.65-600-18+34970 ~ 141 MPa
eff D sz

At 667 mm above bottom flange:

Lo
bles = 1350 mm

_ 5920000(1-667/2000) _
1s ~ 0.65-1350-18+34930 ~ '8 MPa

o
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" OQut-of-plane bending stresses - Clause 11,2.3:

_’H‘gg
* = ﬂ_; ef
b' ‘

I eff |

e =10 mm - Clause 4.7.1

=]

RH = 1.2+250 = 300 kN

5700
= = &
[ —_— — o :*:
e 1T
P Vg = 1540 mm
B 3001540 _
e =10 + 5930  ° 88 mm

At base of stiffener:

Rv-e tD "
Ubn = ZIX (dé+—§) ZIX = 108026 cm
_ 5920-88 . _
= 108026 25 = 121 MPa

[Gls] = 141 + 121 = 262 MPa

At 667 mm above bottom flange:

II_ = 108063 cm’

Spn = 5920-88 -+ 25 (1-667 \= 80 MPa
~ - 108063 2000

[Ols] = 78+80 = 158 MPa



Design of load-bearing stiffemer -~ Clause 11.4.1

Minimum thickness of stiffener:

[ ] —
£ > vids _ v600 (300-18/2) = 26 mm therefore OK
s 16 16

Torsional buckling stress - Clause 10,.3.1:

-E—S—(BE) b - distance between stiffener and web
d .
_ 30 281\ _ b _ 975 _
=18 <975) = 0.04 ts =30 " 32.5
~ from Fig. 10.7 OYTl = 90 MPa
. .
0. . = 50(10%) A = 281430 = 8430 mm?
YT2 s .
Ad
s s
_ep (10-30)° _
508430'281 5700 MPa
therefore GYTZ > OY

Residual stresses - Chapter 7:

take Op = 30 MPa - see Fig. 7.3(e)

o' =g -0 = 350-30 = 320 MPa

At base of stiffener:

o. =320 _ 267 wpa
1s 1.2
char

[ols] = 262 MPa therefore OK

" Horizontal stresses in plate at stiffener:

WT=(M)-:—L-=3OSM' 2 = 610 mm

2 4 T
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Wy = <l§§9%599)-% = 180 mm 20, = 360 m

Yp = 1165 mm Y. = 835mm I = 4844000 cm* ZA = 73000 mm®
s - (BE2550) 200+ 975 pm

M= 2339 . 0.975 + 5320 (gsiogéggo) (1'165f3599> = 3010 KN-m

T2 =-%%%%gg% + -83.5 = -52 MPa  at top of diaphragm

sz = %g%%gg% * 116.5 = 73 MPa at bottom of diaphragm

oy = 5008 (B350 ) - 10 e

73-56 73456 \ _
[0, = 10 +< . > + ( = ) = 29 MPa

L L |1
d ~d |1+55/D R
°eff o] e v

EI
X

_ 2000 1 - 5.6
300 1+55(2000-88°5920000 A .

200000°1080630000
2 ' 2 3
n EIx befftdql 0.35EL tD 1 + 5bs
—r + + L
L b f'b

0.5R + 0.4L%t
v d

—
b eff

B +B
) ( T B) =<2850+1850) - 2350 m

o
I

2 2

t 2 o 18 2
1.96E{ D = 1,96°200000¢{=—=—=] = 23.0 MPa
' 2350
S

2350

62

m2+200000+1080630000 + 1350+18-23 + 0.35'260000'200020183 <l+5.

A= _2000* 1350+2350

2000

)

0.55920000 + 0.4+2000%+18+29
1350




= 150

from Fig. 11.21 Oa ~ 20 MPa

At 667 mm above bottom flange:

_ 320-20 _
Ols =33 - 250 MPa
char

[Ols] = 158 MPa therefore OK

. B. DESIGN USING TRRL MODIFICATIONS TO INTERIM DESIGN RULES

try 18 mm plate with 400 x 30 stiffeners

Plate check

Vertical stress:

Effective width of plate:

beff = 1350 mm

R = 6345 kN
v
A = (400-18)+30+2 = 22920 mm>

At distance 485 mm above bottom flange:

_ 6345000 (1-485/2000)

O3 = 0.75-22920)4 (1350-18) - 176 MPa

Horizontal stress:

At distance 485 mm outside load—beafing stiffener:

b2

0, = 14 MPa

Shear stress:

6345000
Tave ~ 2000°18+2 - 58 MPa

63

= 69 MPa at bottom of diaphragm (from design by Interim Design Rules)



Stresses at Point C:

o * =116 MPa
x

69

g % =-—=+ 14 = 26 MPa
y 6 :
T% = 88 MPa
o, = v116°4+26°-116°26+3+88° = 185 MPa
_ 2000 _
¢ = 575 2.05
o (o} (s}
nl _ 116 _ nl _ 116 _ n2 _ 26 _
- =3 4,46 = = Igs = 0.63 5 =185 - 0.14
n2 e e

from Fig. 11.10, Interim Design Rules

k' = 4.5
2 2
m°+200000 18 _

ce = 4.5 i1 <975> = 276 MPa

crit

_ 185 _
. = 296 = 0.67
crit

for initial imperfection of 3.0 mm

S _ 3.0 _
Rl Ul 0.17

from Fig. 19.19 - Part III, Interim Design Rules

GZU = 1,21 50 = 1.21:276 = 334 MPa
ecrit
- 2 _ . _ =
o, = /(i +n(.20 o) [n(Zo-0 )+20,-0,] n =1
peak .

V185%+1(334-185) [1(334~185)+2°116-26]

295 MPa

allowable stress =-is

o

= 292 MPa 17 over therefore OK

3

N



Stiffener check

Critical buckling load of outer plate panel:

erit By 276 | 6345

P1 o * 32 185 7 = 4735 W

Critical buckling load of unstiffened plate:

Clause 11.3.2,2 ~ Interim Design Rules

K, ;‘3f4 + %;39 = 3.4 + 3:%é§g99 = 5.78
ky = 0.4 + %E; =‘o.4_+ Saos = 0.56
k=1 - %%%.= 0.86

k, = 1.0

k = 5.78¢0.56°0.86°1.0 = 2,78

3
P = 0.5 EEEQ = 0.5 2.78+200000+18°
ust  "°7 D : 2000

= 811 kN

Critical buckling load of stiffener:

» 200000° 304003
2000%-12

2
_ n"ET _ :
Pst = 1,981 Y 1.981e7

= 156400 kN

Combined buckling load:

156400

. P .
PC = PSt + Pust (l - i;——>== 156400 + 811 (1 - —?iZﬂi—) = 132860 kN

1 2 3
A x (1+°%5\ 4.0k
1 DAt 2r~ T
ch <1 + eds
Ay =0, + 54 2:2) T LK,
A,=Po0
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K = de sinmx - .069sin2mx |+ ds cosTx + 2x ~ 1 ~ ,069 cos2nx +
2DAtr5 D D Z'frAtrz D D 2 D
a, = 33018 4 585030 = 23610 m?
400%+30 . 1350 | .05 _ \
I 15 + 7e12 18° = 160328050 mm
2 _ 160328050 _ 2
=~ %3610 - 6790 mm
e = 88 mm - from design by Interim Design Rules
q = 2.5 mm - assumed geometric intersection

(o]

by trial and error, critical section is at bottom flange x

k=0
1 1+ 88-400\ _
Ay = 33610 ( 2°6790> = .000152

} 132860 (1 + 88400 _
Ay = 30+ =310 < 2-6790) 20.56

A3 = 132860« .35 = 46500

P = 4600 kN
4600
Pall =73 " 3830 kN applied load = 2960 kN therefore OK

C. _DESIGN BY PROPOSED AASHTO SPECIFICATIONS

try 18 mm plate with 600 x 30 stiffeners

Design of Panel

Horizontal stress — Clause 1.7.215(C)(3):

At section 485 mm outside load-bearing stiffener:

from design by interim design rules

flw

f2w

-32 MPa at top of diaphragm

83 MPa at bottom of diaphragm

66
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vertical load = 1.3(1000+350+250+1.67+850) = 3925 kN

therefore
3925

fro ™ T2 G357z T 40 Mea
3925

f2w 83 '6—3?3/_2- = 103 MPa

Shear stress — Clause 1.7.215(C)(4):

_ 3925000

£ = 2000°18

= 109 MPa

Calculate critical ‘loads

Shear - Clause 1.7.211(B)(2):

= D ¢ ¥
Av = 0.8 t Ek
d
k =5+ 5/02
V .
_width _ 975 _
@ = feight - 2000 - 0-488
K =54 2 = 26.0
v 4882 .
_ . 2000 350 _
A, = 0875~ Y Zooo00-36 ~ 072
° = [0.58-0.357(\ -0.58)1'18] F
ver v y

[0.58-0.357(0.729-0.58)1'18]350 = 190 MPa

Axial compression - Clause 1.7.211(B)(3):

= 2 4 S T
k (o + 1/a0) <0.488 + 0.48§> 6.44
F
s =D ‘, y__ 2000 350 _ ;.95
0.95td Ek 0.95-18 200000¢6. 44 '
o =1F _ 350

67



-Bending - Clause 1.7.211(B)(3):

k = 24 + 73 (2/3-0)% = 24 + 73(2/3-0.488)2 = 26.3
_ 2000 350 _

A =0.95-18 Jz'ooooo-26.3 = 0.95

° = 0. -5.62)% - 0. F

bep = [0.072(A-5.62)% - 0.78] g

[0.072(0.95-5.62)2 - 0.78] 350 = 276 MPa

Applied stresses - Clause 1.7.211(B) (4):

F = 109 MPa
ver
F = 103780 _ 55 \py
ccr 2
_ 103+40 _
Fbcr i — 72 MPa

F 2 (F 2 [F

ver \ [ ber |\ ,f cer ) .4,

F ver F ber F cer

109Y? + (12 Y EAW 0.74 < 1.0 therefore OK
190 276 94 ) )

Check maximum equivalent stress — Clause 1.7.215(D)(3)

Vertical stress - Clause 1.7.215(C)(2):

bogg = 2°18t; = 2°18°18 = 648mm > j = 600 mm

therefore b = 600 mm
eff

A = 500°302+600+18 = 40800 mm?®

3925000
o'=20

v 40800 - 192 MPa

| Horizontal stress - Clause 1.7.215(0)(3):

_ . 2850-1850 ) {1.17-2.00) _ _
M = 3925 + 0.885 + 3925 (‘573566"'> ( -75——> = 3640 kN-m

G = 3640000 117 + 3925000 (2850-1850

n _ 4531000 2+70000 2+2000 ) = 101 MPa
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Shear stress < Clause 1.7.215(C) (4):

T = 109 MPa

£, = v192°4101%-192+101+31092 = 252 MPa < o, = 350 MPa

. Check maximum allowable shear - Clause 1.7.210(B)(1):

£+ f
£ o= w2 103+40 _ . o
av 2 _ 2 .
= 7 vi
Viax = 0-58Dt V350 (2/3F_ )"

0.582000+18v3502 - (2/372)% = 7240 kN

maximum applied shear = 3925 kN therefore OK

Design load-bearing stiffener

horizontal force = 1.3*250 = 325 kN
vertical force=1.3(1000+350+250+1850)+2 = 6370 kN

b = 600 mm A = 40800 mm>
eff s

3 [ ] L ] 3
I=2- 5001230 + 602218 = 625291600 mm®

2 _ 625291600 _ 2
r? = 25sas— = 15325 m

88 mm - from design by Interim Design Rules

®
]

Pee = 6370-.088 = 560 kN-m

=
Il

Check stability - Clause 1.7.69(B):

P + MC
.85A°F M (1— P )
s cr u =

<1.0 C=0.6

AF
s e

(kLY _ 2000 % _
: G?) = 15325 = 261

F_o=F [1- 5 fir
¢ Y ZpE\*Y



F =135/[1- 350 . 261 = 346 MPa
cr 4+mZ+200000

N m2+200000

e = [KL\* = 261 = 7562 MPa

r

M = Sef = 350 « 92229 = g75 ynq

u y 25

6370000 0.6°560000 _
0.85-40800-346 ' 875000/1-6370000 _\ ~ 0-92 < 1.0 therefore OK
- 408007562

Check strength - Clause 1.7.69(3)

P

0.85A F T
sy

M.
M < 1.0
- P

M= 1.5875 = 1312 kN-m

6370000 + 560
0.85+40800° 350 1312

= 0.95 < 1.0 therefore OK

Check bearing - Clause 1.7.215(D)(2):

6370000 56000025 _ | ]
zosoo T 62599 = 380 MPa > 350 MPa (9% over)

Should use slightlx larger stiffener

Check required stiffness - Clause 1.7.213(C)(2):

Dt 3
I = ‘Y *__—_I_)..z_.
Treq'a T 120V

YT* = 50 from Fig. 1.7.213(A)

Q3
1 =50 - ig?g_383 5 = 53406600 mn* < 625290000 mn" therefore OK

Treq'd

Check torsional buckling strength - Clause 1.7.213(C)(3):




250 ' 0.48

= 8,3 <————— = 11.5 therefore OK

30 ’ 350
200000

D, _SUMMARY
Design by IDR TRRL AASHTO
Total amount 1230 1040 1135
of steel (kg) '
17000 17000

Total amount 17000
of welding (mm) ‘

Stiffeners load-bearing

load-bearing

load-bearing
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