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webs was proved by very good agreement of the former with the experimental
results of physical models.

Realistic levels of residual stresses and initial geometric imperfections as
well as a practical range of web subpanel aspect and slenderness ratios were
considered in the parametric study.

Ultimate load curves applicable to design of box girders were defined for
each type of stiffening. Based on results of the parametric study optimum
position of longitudinal stiffeners was established.

It is concluded that the present study made a significant contribution
towards a better understanding of buckling behaviour and ultimate strength of

box girder webs.
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improved torsional resistance of single or multiple cell box girders proved
highly advantageous especially when used in conjunction with the ‘cantilever’
type erection method for building bridges over great heights or widerivers.

The Diisseldorf-Neus Bridge across the Rhine river with 103-206-103 m
span box girders and a steel orthotropic deck opened to traffic in 1951, set this
modern trend. Following this, many steel box girder bridges were built not only
in Germany but also in other European countries.

In 1965, the first bridge of this type consisting of a single box girder was
built in North America. It is the 690 m Concordia Bridge in Montreal, Canada.
Following this in 1967, the first two steel box girder bridges having orthotropic
decks were completed at nearly the same time in the USA. They were the San
Mateo-Hayward Bridge in California and Poplar Street Bridge in St. Louis.

In the following years, the use of steel box girders in bridge construction
has expanded rapidly all over the world and this is mainly due to the ideal
distribution of metal resulting in great strength in bending and torsion. Such
structures not only provide a saving in weight, but also reduce resistance to
wind, improve aerodynamic stability, ease fabrication, construction and
maintenance, and provide a graceful appearance.

Development of steel box girder bridges continued successfully until
early 1970’s when a series of collapses of steel box girder bridges occurred in
Europe and Australia. Failure during erection of four large box girder bridges
between 1969 and 1971 caused a general uneasiness about the reliability of the
whole concept of the box girder as a structural element.

Based on official investigations on the causes of these accidents it was
concluded that box girder bridges require more exact design, fabrication and

erection methods and that they must be backed up by sufficient research.





















mainly representing recent development of the former, a brief review of the
theoretical and experimental work done in this area is presented in the following
sections. Comments related to theoretical design provisions specified in
international and national bridge design codes were also made and incorporated

in the last section of this chapter.

2.2 imate Strength of Transversel iffened W

To reduce the self-weight of the plate and box girders the web thickness is
usually limited, with the consequence that the webs are normally of slender
proportions.

In order to increase the buckling stress to satisfactory levels, transverse
stiffeners are often employed to subdivide the web length into a number of
smaller panels. The prime purpose of the stiffeners is to restrain the web panel
boundaries from deflecting out-of-plane.

Even though until recently the design of plate girder web panels was
based on the classical linear theory [10], it has been recognized for many years
that web panels may exhibit a considerable post-buckling strength. This
combined with the emergence of the limit state design philosophy, has led to the
development of ultimate strength theoretical models for stiffened webs. These
models, especially in their initial development stages, assumed that a tension
field was developed in the panel once the critical shear buckling stress was
exceeded, and this enabled load to be carried be a truss-type action. Capacity
was then limited by yielding along a band across the web panel diagonal.

The ultimate strength tension field models, however, required the

transverse stiffeners to carry considerable axial compressive forces.
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Recently, Ostapenko [43] presented a comparison between four ultimate
strength models for longitudinal stiffened plate girders, using the same basic
shear strength formulation as for transversely stiffened plate girder webs. The
basic assumption used in this study was that the ultimate shear capacity of a
plate girder consists of three components corresponding respectively to the
critical buckling shear of the web plate, the tension field and frame action.

Ultimate resistance models for orthogonally stiffened plate girders
subjected to combined shear and bending moments were developed by Rockey
et al. [5, 20] and Evans et al. [34, 44]. Based on their studies interaction diagrams
and simple design formulae for calculation of ultimate resistance of plate girders
were developed.

Extending the investigations to box girder bridges, Dowling et al. [1]
performed a series of experimental studies aimed at identifying the behaviour
and ultimate strength of box girders subjected to shear and combined shear and
bending. The effect of initial residual stresses and geometric imperfections on
load carrying capacity of webs and compression flanges was monitored and
reported for each box girder.

More recent experimental and numerical investigations on behaviour and
ultimate strength of box girder webs subjected to shear and combined shear and
bending moments were presented by Horne and Grayson [21, 22].

In their studies the interaction between adjacent subpanels down the
depth of the girder web was considered. The influence of plate panel geometry
on web behaviour was also investigated. The experimentally determined
ultimate loads were compared with results of large defection elasto-plastic finite
element analyses in which both material and geometric nonlinearities were

included.
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It is beyond the scope of this study to review in depth all the existing
works related to uitimate strength of plate girders and the reader is referred for

a fuller coverage to the references [27, 45- 48].

24 Limitations of Existing Codes

As shown earlier very little research information exists for buckling
behaviour and ultimate strength of box girder webs stiffened transversely and
orthogonally.

In particular there is a lack of experimental data against which numerical
models can be calibrated and used in performing reliable parametric studies.

Even though some of the ultimate resistance models developed for plate
girders have been incorporated in the bridge design codes, in most cases with
some modifications able to satisfy the design criteria, there are no specific
provisions for box girder webs at national [38, 49] and international levels [50],
except the British one [51].

Referring only to Canadian bridge design codes CAN/CSA-56-88 [38]
and Ontario Highway Bridge Design Code [49] one can note, as stated in the
commentaries to the former (Clause 7.18.3), that even for the plate girder webs
the design provisions “are based on research conducted by Basler and
Thurlimann [11-13]. Although more recent research [48, 52] indicates that the
Basler-Thurlimann approach may be somewhat conservative, particular for
girders with substantial flanges, incorporation of some of the new concepts in
bridge design rules require further development work. The Basler-Thurlimann
approach has been retained in this Standard for the present.”

For design of very deep girders, the same clause specifies that transverse

stiffeners used in conjunction with longitudinal stiffeners should be considered.
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However design provisions are given for webs stiffened with only one
longitudinal stiffener placed at a distance of 0.2h from the inner surface of the
compression flange (Clause 7.18.5).

In both Canadian codes [38, 49] as well as the American one [50] there is
no provision for designing webs with more than one longitudinal stiffener,
though these are commonly used in box girders. Taking into account the lack of
a reliable ultimate strength model for webs stiffened with more than one
longitudinal stiffener, the recommendations for the plate girder webs that
“design shall be based on a rational method of analysis” has practically no
applicability to design.

Aiming at providing a set of reliable data on which design provisions for
box girder webs stiffened with more than one longitudinal stiffener, a nonliner.r
finite element model was developed and calibrated against available
experimental data as shown in Chapter 3. Further, this numerical model was

used in performing the parametric study described in Chapter 4.



CHAPTER 3

NONLINEAR ANALYSIS OF STIFFENED WEBS
USED IN BOX GIRDER BRIDGES

3.1 QObjective of Present Study

The buckling behaviour and ultimate strength of stiffened webs of box
girder bridges may be studied by either experimental or numerical methods. For
stiffened web plates the geometric parameters governing their behaviour are:
stiffener geometry and arrangement; aspect ratio of plate panels between
stiffeners; plate panel slenderness ratio; stiffener slenderness ratio; initial
geometric imperfections; and material nonlinearity.

If a deterministic approach is to be adopted for the analysis, all of these
parameters must appear in the mathematical formulation. Due to the extreme
complexity in the theoretical treatment of the effects of material and geometric
nonlinearity on buckling behaviour and on the ultimate strength of stiffened
web plates a closed-form solution does not exist. If an experimental program
were to investigate the influence of each and all of these parameters, an
enormous amount of time and money would be required. The approach
generally adopted is to develop numerical models and check them against

experimental results. Subsequently, numerical simulations using computer
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programs are used to perform parametric studies and generalize the results of
experimental studies.

In view of the fact that very little information is available on the ultimate
load carrying capacity of box girder webs stiffened with more than one
longitudinal stiffener, a parametric study on buckling behaviour of this
structural component of box girders was considered necessary.

The finite element model developed and used in performing the
parametric study simulated the box girder model tested previously [8]. Even
though the decision to model the complete box girder led to a increased effort
and computer time, this was considered the best solution for getting the most
reliable information on web behaviour in relationship with stiffened
compression flange rigidity and their interaction.

The major assumptions made in this study are:

- the material of both plates and stiffeners behaves in an ideal elastic

perfectly plastic manner; strain hardening is not considered.

- neither lateral bending nor twisting of the longitudinal stiffeners can
occur, thus the stiffener failure is assumed to occur through yielding
with no associated locai buckling. This is a reasonable assumption
which complies with the general requirements that stiffeners must
remain fully effective until the ultimate capacity of the box girder is
reached.

- the shear stress in the stiffener is small, and does not influence
stiffener yielding, i.e. only axial direct stresses contribute to stiffener
yielding.

- local or overall buckling of the compression flange does not occur

before ultimate load carrying capacity of box girder webs is reached.
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Both geometric and material nonlinearities are considered in this
numerical analysis. Plasticity in the plate and stiffeners is assumed to be
governed by the von Mises yield criterion associated with the classical flow
theory. The governing nonlinear equations are solved numerically in conjunction
with specified boundary conditions using the finite element method. Total
Lagrangian formulation is adopted and large displacements, large rotations but
small strains are assumed in the analysis.

To ac:urately control the loading process and identify the peak shear
forces and bending moments acting on the box girder, concentrated vertical
loads were applied incrementally at the tip of the cantilever beams such that at
the end of each increment the elasto-plastic rigidities could be calculated for use
in the next increment.

The soundness of the present finite element model has been validated by
comparison with the existing experimental data and other large deflection
elasto-plastic analysis, using either the finite element formulation or alternative
theoretical approaches.

In performing this study the finite element computer program ADINA
available at Concordia University was used. Time dependent loads are applied
to the structure in the ADINA program by means of time functions. Using this
assumption in static analysis, time is only a convenient variable which defines
different load intensities and correspondingly different configurations. In
nonlinear analysis, the finite element system response in effectively evaluated
using an incremental step-by-step solution of the equilibrium equations. In this
case the basic approach is to assume that the solution for time t is known, and
that the solution for the discrete time t+At is required, where At is a suitable

chosen time increment.




3.2 icE ion

In the total Lagrangian formulation all static and kinematics variables are
referred to the initial configuration at time O and the basic virtual work

expression using 2nd Piola-Kirchhoff stress and Green-Lagrange strain tensor is
Iov t+A($ii 5 t+Aot£ij0 dv = HAR (3.1)
where

watp ___J'
t:

An approximate solution to (3.1) can be obtained by linearizing this equilibrium

t+At fiB 811, “A QY 4 J t+At fis Suf watgg (3.2)
+atyy t+atg

equation of motion as
"OV OCii,s 0€rs ) oeijodV + JOV (Sl, S onijodV = t."AtR —jov (S,] o oeiiodV

(3.3)
Term definition and further details regarding the finite element equilibrium

equation used in ADINA program are given in references [53, 54].

3.3 Choice of Elements

The choice of element geometry used in the present analysis was based on
a careful review of the finite elements available in the library of the ADINA
program and some comparative tests. Finally, the eight-node shell element and
three node isoparametric beam element have been proved to be the most suitable
for discretization of the plate and stiffeners, respectively. Using this combination
the analysis of stiffened plates is effectively performed with the current version

of ADINA.
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The above stress-strain relation depends on the yield function 'F and
consequently for each yield function 'F assumed, related yield criteria can be

derived.

In the case of the Von Mises yield criterion with isotropic hardening,

applied for beam elements in this study, the yield function ‘F is given by

1
fF = ]2 _ 3(03 (3-13)

where J; is the second invariant of the deviatoric stress tensor defined by
2~ 2 i i .

in which the 'sij are the deviatoric stresses

t
0]
=038y 'Omm =X ‘Omm (3.15)
m
5 0 for i#j
i”l1  for i=j

and ‘o, is the yield stress at time t.
y y

This yield stress is a function of the plastic work per unit volume 'Wp

defined as
ta.. P
‘Wp = joe" toijdel (3.16)

Evaluating ‘q;; and *p;; yields

t t

q="sy; ‘'py="H'oy (3.17)


















3.9.1 Plates in the Elastic Range

a. Simply supported plate with restrained edges subjected to uniformly
distributed lateral load

The purpose of this test was to check the accuracy and reliability of the
ADINA program in performing large deflection elastic analyses.

The classical solution of this problem was derived by Levy [63] who used
a double trigonometric series to solve Von Karman's [64] large deflection
equation.

Using the plate geometry and material properties given in Figure 3.5, a
comparative study of the load-central deflection relationship was done using
Levy's analytical solution and author's and Crisfield’s [65] finite element
solution. Referring to the finite element analysis it should be noted that in the
latter, four node rectangular plate elements with five degree of freedom per
node were considered.

As shown in Figure 3.5 a very good agreement exists between the three
load-central deflection curves. However, larger discrepancies are noticed in the
predicted stresses (Figure 3.6 and 3.7) and this is mainly related to the fact that
stresses being derived from deflections are bound to be less accurate.

In performing the finite element analysis, constraints were used to model
the uniform in-plane edge conditions. This analysis involved severe
noalinearities because the plate, initially only in bending action was subjected to
increasing membrane action with increasing load. This resulted in a stiffening
effect and the application of the BFGS method was required for iteration. Also,
tight tolerances and small load steps had to be used i.e. 20 load steps up to the
final load ratio qa* / Et4 = 400. For every load step the stiffness was reformed

and the BFGS method of equilibrium iteration employed.
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b. Simply supported plate subjected to uniaxial in-plane compressive
loads
The post-buckling behaviour of simply supported plates subject to
uniform in-plane compression was previously investigated using analytical
methods [63, 66 - 68]. Among the existing solutions for plates with initial
geometric imperfections, the most accurate is considered that of Yamaki [67). He
used a double sine series, with four coefficients to solve Marguerre's
fundamental equations.
The material properties and geometric characteristics pertinent tc the
plate used in this study are given in Figure 3.8. Initial geometric imperfections
are induced as single half-sine waves in both directions and expressed

mathematically as

wy(x,y) = 01 tsinlg"— sin-’% (3.30)

where a is the side length of the square plate and t its thickness. The plate is
uniformly compressed by imposing specified displacements along the loaded
edges. Two boundary conditions related to the unloaded edges were considerad.
In one case the edge is free to pull in: in the other, the edges are constrained to
remain straight. In each case the magnitudes of the applied in-plane loads can be
evaluated by integrating the element stresses. Figure 3.8 presents comparatively
the present results and those of Crisfield's and Yamaki's. All of them are
depicted as curves plotting the average stress ratio (g, /o) versus central
deflection ratio (w, /t). As can be seen the computed displacement response in
this study agrees very closely with the other two.

In performing this finite element analysis, similar procedures with those

described in (3.9.1.a) were applied.
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box girder model. To generalize the experimental results to the whole range of
stiffened plates currently used in the design of stiffened flanges and webs of
steel box girder bridges with geometries specific to Canadian and American
practice, a large deflection nonlinear analysis of their buckling behaviour and
ultimate strength was considered necessary. To perform this study, an elasto-
Plastic large deflection finite element model was developed and used to perform
a parametric study on box girder behaviour in which both geometric and
material nonlinearities were included.

Considering the symmetry conditions, only half of the steel box girder
model was analyzed using the mesh shown in Figure 3.14.c.

The bottom flange plate and web plate were modeled by 8-node shell
elements, while the top flange was modeled by 4-node shell elements.

All stiffeners were modeled by combinations of 4-node shell elements
except the longitudinal stiffeners of the bottom flange where 2-node iso-beam
elements were employed. The diaphragms shown in Figure 3.14.c were not
modeled. However, their restraints on the adjacent members were simulated by
constraints imposed on the connecting nodes.

Initial deformations of the bottom flange and the web of the box girder
considered in this study were defined by Equation (3.20.a - 3.20.c) in which the
value of the deformation was A(;, /b=1/165 for the bottom flange and web
plates. The magnitude of out-of-straightness of longitudinal stiffeners of bottom
flange and web was A2 /a=1/500. Residual stresses cf Oy /6y =0.0 and

G / 0y =0.15 were also considered in the finite element nonlinear analysis.
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3.11.2 Comparison of Experimental and Theoretical Results

The results of the experimental tests and finite element analysis are
presented in the form of overall load-deflection curves in Figure 3.15.
Comparing the ultimate load predicted by numerical analysis in which residual
stresses of o, / o, =0.15 were included, P, = 1530 kN, with the experimentally
determined ones of 1500 kN and 1450 kN one can see that a good agreement is
achieved between the finite element analysis and experimental results.

As can be seen from Figure 3.15, small differences ranging from 2.0 to 4.2
percent exist between the finite element predicted ultimate loads in which
Gy /6y =0.15 and the experimentally determined collapse load. Based on these
results as well as the previous ones it was concluded that the nonlinear finite
element model is a valid and reliable one and can be used in performing the

parametric studies described in Chapter 4.
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Complying with the existing Canadian bridge design provisions (38, 49]
which require the use of longitudinal stffeners for webs with slenderness ratio
3150/ [F, <h/w <6000/ [Fy, only webs with h/w =300=5612/+350, i.e.
close to the upper limit, were used in the preliminary study.

The remaining parameters considered in the preliminary parametric

study are also defined in Table 4.1.

4.2.2 [Initial Gecinetric and Material imperfections

As shown in Table 4.1., the initial geometric imperfections considered in
the preliminary study are the out-of-plane deformations of web and
compression flange plate panels as well as out-of-straightness of stiffeners. Their
magnitudes representing respectively 1/165 of the plate panel depth/width and
1/500 of the stiffener length, are considered representative for Canadian box
girder bridges [72] and consequently used throughout the parametric study.

Residual stresses o0, =0.100, similar to those measured in box girder
bridges built in Canada [4] and applied as described in section 3.7 were initially
considered in both webs and compression flanges of box girder models.
However, after several trials it was found that residual stresses considered in
box girder webs have a minor effect on their ultimate strength even though the
stiffness of the web subpanels was reduced in the early stages of loading. These
findings which are in line with those reported previously by Horne and Grayson
[21] and Harding et al. [73] led to the decision not to include further the residual

stresses in box girder webs and this reduced considerably the computer time.
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4.2.3 Discussion of Results

a. Box Girder Type A

The webs of plate and box girders are primarily designed to resist shear
forces acting on them. Consequently the first part of the prelimirary study dealt
with ultimate strength and buckling behaviour of box girder webs subjected
primarily to shear (M, / M, =0.2).

In performing the study the box girder finite element model was loaded
as shown in Figure 4.1.a.

Using the finite element mesh given in Figure 4.3 to perform the
numerical analysis, lateral and vertical displacements as well as stresses
developed in the web at each nodal point were defined at each incremental load
until the peak load was reached. However, considering the objective of this
study, only load - deflection curves are plotted in Figure 4.4 for the three types
of web stiffening previously defined in section 4.2.2. The corresponding ultimate
loads are listed in Table 4.2.

Referring to Figure 4.4 and results of the numerical analysis based on
which the local deflection curves were plotted, the loads corresponding to the
beginning of the nonlinear behaviour are: 439 kN for box girder webs without
longitudinal stiffeners (Type 1.(ii)), €84 kN for web with one longitudinal
stiffener (Type 2.a.(ii)) and 972 kN for web with two longitudinal stiffeners
(Type 3.c.(ii)). These loads which corresponding to the elastic shear buckling
stress of webs are compared in Table 4.3 using the former as reference. As
shown in the table, the elastic critical buckling stress of webs in shear increases
by 102 and 122 percent for the web stiffening Type 2.a.(ii) and Type 3.c.(ii),

respectively. However, when the elastic shear buckling stress of web Type 3.c.(ii)
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is compared with that of box girder with web stiffening Type 2.a.(ii) an increase
of only 10 percent is noted (Table 4.3).

Comparing also the ultimate loads given in Table 4.2 for each type of web
stiffening, one can see from Table 4.3 that the increase in ultimate load carrying
capacity of longitudinally stiffened webs with respect to the longitudinally
unstiffened one represents 3.2 and 10.7 percent for type 2.a.(ii) and type 3.c.(ii},
respectively. From comparison of the ultimate resistance of the box girder webs
with two (Type 3.c.(ii)) and one longitudinal stiffener one can note that in the
former the load carrying capacity increases by 7.3 percent.

Referring to Table 4.3 where the effect of longitudinal stiffeners on
buckling resistance of webs is shown, one can see that the elastic values are
changed radically due to the presence of stiffeners while the increase in the
ultimate shear capacity represents less than 11 percent.

From Figure 4.4 which defines the behaviour of each box girder under
load, one can see that practically a plateau is developed once the ultimate load is
reached.

As expected in the case of ‘ongitudinally stiffered webs, the subpanel of
maximum slenderness ratio buckles in the early loading stages. However, the
restraint provided by the adjacent smaller subpanels leads to the increased
ultimate loads. At the peak load, when the ultimate shear resistance of the web is
reached, increased de.ormations of the large web panel are noticed. Subsequent
loading leads to steadily increased local and overall deformations as illi:strated
in Figure 4.5 for t'ie box girder model with web stiffening type 3.c.(ii) subjected
to ultimate load P, = 1694 kN.
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b. Box Girder Type B

To provide the necessary data to be used in plotting the shear force -
bending moment interaction diagrams, the cantilevered box girders of
intermediate length shown in Figure 4.1b were considered. The cantilever
length of 3075 mm was defined such that 0.5<M, /M, <06.

In performing the nonlinear finite element analysis the mesh illustrated in
Figure 4.6 was used. Based on numerical analysis in which the applied loads
were incrementally increased until the ultimate load were reached load -
deflection curves as shown in Figure 4.7 were plotted for each type of web
stiffening defined previously in section 4.2.2.

Referring to the load - deflection curves, one can note that for this type of
box girders the nonlinear behaviour starts at 519 kN for web stiffening type
1.(ii), 936 kN for type 2.a.(ii) and 1122 kN for type 3.c.(ii).

Comparing the above loads one can see from Table 4.3 that the use of one
longitudinal stiffener (Type 2.a.(ii)) leads to an increase of 80 percent in the
elastic buckling resistance. When two longitudinal stiffeners (Type 3.c.(ii)) are
used, the shear resistance increases by 116 percent.

For the present study the ultimate resistance of the webs is of first
importance. The ultimate loads corresponding to the three types of web
stiffening and listed in Table 4.2 are compared in Table 4.3. As shown for this
type of box girder, the addition of each stiffener leads to an increase of ultit .
load of 4.9 percent.

For the box girder type B the comments previously made on the box
girder type A and related to the affect of web stiffening on buckling resistance of
webs also apply.



71

However, relatively small deformations of the small subpanels are
noticed up to the box girder collapse.

For this type of box girder it is worth noting, as shown in Figure 4.8 for
web stiffening type 3.c.(ii) that at the ultimate load of P, = 1608 kN buckling of
the most loaded web panel subjected to combined action of shear and bending

triggered the buckling of the adjacent panel mainly loaded in shear.

c Box Girder Type C

To determine the behaviour and ultimate resistance of a box girder web
subjected to a combination of shear force and a large bending moment
(0.6 <M, /M, <10) finite element model was loaded as shown in Figure 4.1.c.

Using the mesh shown in Figure 4.9, the finite element analysis gave load
- deflection curves, up to the collapse load, shown in Figure 4.10 for the three
types of web stiffening defined in section 4.2.2.

As shown in the figure, the nonlinear behaviour starts at 549 kN for web
stiffening type 1.(ii), 961 kN for web stiffening type 2.a.(ii) and 1139 kN for web
stiffening type 3.c.(ii).

A comparison of these loads, as well as of the ultimate loads defined in
Table 4.2 for the longitudinally stiffened webs with respect to the longitudinally
unstiffened web, is given in Table 4.3.

Referring to Table 4.3 one can note that the elastic shear buckling stress of
the box girder model with webs stiffened by one (Type 2.a.(ii)) and two (Type
3.c.(ii)) longitudinal stiffeners is increased by 75 and 107 percent, respectively,

when compared with that of webs unstiffened longitudinally (Type 1.(ii)).
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A comparison of the ultimate load given in Table 4.2 for the three types of
web stiffening is done the increases are 6.9 and 10.6 percent for web stiffening
type 2.a.(ii) and 3.c.(ii), respectively as shown in Table 4.3.

Referring to the behaviour of box girders under load, one can see from
Figure 4.10 that their behaviour at the peak load is totally different from that of
box girder type A and B. In all three cases a sudden reduction in load carrying
capacity occurs after the peak load is reached and this is similar to that noticed
during the experimental tests (Figure 3.15).

As soon as the ultimate shear buckling resistance of the web is reached
(Figure 4.10), excessive deformation of the box girder webs occur and this is
followed by buckling of the bottom flange which leads to the overall collapse. As
a typical example, the behaviour of box girder model with web stiffening type
3.c.(ii) at ultimate load P, = 1383 kN is shown in Figure 4.11.

4.2.4 Shear Force - Bending Moment Interaction

The ultimate shear and bending resistance of the three types of box girder
with longitudinally unstiffened and stiffened webs are given in Table 4.2 in
nondimensional form and expressed as V,, /V, and M, /My, respectively.

Using the shear forces and bending moments listed in Table 4.2,
interaction curves were plotted as iilustrated in Figure 4.12.a. From this figure
one can note that the effect of bending moments on shear resistance of box girder
webs is very small up to M, /M, =0.6. After this, a continuous decrease of web
shear resistance occurs with the increase of applied bending moment.

For reference, the shear - moment interaction curve specified in Clause
7.10.2 of Canadian bridge design code CAN/CSA-56-M88 [38] for transversely

stiffened wehs of plate girders is also included in Figure 4.12.a. For convenience
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this curve was plotted in terms of the yield shear and moment as used in
defining the interaction curves for web stiffening types considered in this study.

Comparing the interaction curve for unstiffened longitudinally webs
(Type 1.(ii)) with that specified by the Canadian standard CAN/CSA-S6-M88
one can note that for the box girder webs subjected to bending moments
M, /M, <06 the predicted ultimate strengths are higher than those specified
by the code by only 9 and 5 percent for web stiffening type 1.(ii) and type 2.2.(ii),
respectively. However, in the case of box girder webs subjected to combined
action of shear forces and large moments, the predicted and prescribed ultimate
resistance is almost identical.

As shown in Figure 4.12.a and Table 4.2, the most significant changes in
interaction curves plotted for box girder webs occur at 062<M, / M, <068 for
the three types of web stiffening. These values are different frem
M, /M, =0.75, specified in the design provisions for plate girders [38], a new

interaction equation is proposed:

0.625 Mt 4 0602 %f- <10 4.1)

r r
which closely agrecc vrith the predicted curves for unstiffened and stiffened
longitudinal webs in thin box girder webs where V¢ / V; > 0.6 (Figure 4.12.h).
The changes in numerical values used in the proposed interaction formula
reflect the behaviour at ultimate load of box girder webs in which, as shown by
numerical analysis, the shear - force interaction starts prior to that considered in
the plate girders. As many time stated by other investigators, but not proved
until the present study, this is the result of the relativelr small amount of
support against in-plane and out-of-plane movement provided to the web by the
thin flange of box girders, compared with the restraint offered by the thicker and

narrower flanges of corresponding plate girders.
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As illustrated in Figure 4.16 and 4.17, the elastic buckling of the web
occurs at P = 215 kN which practically corresponds to the theoretical value.
However, this does not significantly affect the overall box girder behaviour
which ceases to be linear at P = 345 kN. As shown in these figures, deflection of
the large web panel increases steadily under the applied load and reaches the
maximum value of 13 mm at the ultimate load (P, = 1327 kN) in section A. The
presence of initial deformations has little effect on web buckling behaviour
where a change in the mode shape from one sine wave {o two sine waves
became visible right from the beginning of the loading.

Variation of the superimposed membrane and bending stresses ¢, acting
on the inner side of the web at the ultimate load is shown in Figure 4.18. The
distribution of the membrane stresses developed at sections A and B for
increasing loading, up to the box girder failure, are given in Figure 4.19 and 4.20,
respectively.

As shown in both figures, the nonuniform distribution of stresses starts at
the early stages of loading. At the ultimate load the maximum tensile stress
reaches 158 MPa in areas adjacent to the web panel diagonal.

Distribution of shear stresses in the same sections are shown in Figure
4.21 and Figure 4.22, respectively. A change from uniform to non-uniform stress
distribution can be noticed almost immediately after the occurrence of the elastic
buckling (P = 345 kN) and this trend continue until the ultimate load is reached.
In the final stages the variation of shear stress distribution increases and this is
related to the extensive development of the web buckles as shown in Figure 4.16
and Figure 4.17.

As illustrated in both figures the maximum shear stresses, developed in
the web after elastic shear buckling occur at 0.3h (section A) and 0.2h (section B)

fiom the inner surface of the compression and tension flange, respectively. In
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As illustrated in Figure 4.43 and 4.44, deflection of large subpanel
increases steadily under the applied load and reaches 26 mm in section A at the
ultimate load.

Figure 4.45 presents the envelope of normal stresses developed on the
inner surface of web at the ultimate load.

Distributicn of mid-plane membrane stresses in section A (Figure 4.46)
and B (Figure 4.47) shows that the stress magnitude and pattern is almost
identical to that illustrated in Figure 4.28 and 4.29 for Type 2.a.(ii) with a
difference of only 5 percent in ultimate loads. This indicates that adding
stiffeners in an already stiffened zone has little effect.

The same observation applies when the shear stress magnitude and
distribution illustrated in Figure 4.48 and 4.49 are compared to Figure 4.30 and
4.31. The main difference is that, due to the increased shear buckling resistance
provided by the two longitudinal stiffeners. slightly higher stresses develop in
the two subpanels of box girder web Type 3.a.(ii). At the ultimate load, the shear
stresses at section A (Figure 4.48) reach the yield stress over the depth of the

stiffened zone.

E. Web Stiffening Type 3.b.(ii)

For the box girder with web stiffening Type 3.b.(ii), the second in the
series of web stiffened by two longitudinal stiffeners, the spacing was 0.17h
(Figure 4.2.C).

Using the mesh shown in Figure 4.13.E, the load - deflection curve in
Figure 4.50 was obtained. The box girder behaves linearly up to P = 568 kN, and
nonlinearily up to the ultimate load P, = 1621 kN. As shown in Table 4.5 this
corresponds to V,, /V, = 0.80.
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From Figure 4.90 which presents the distribution of normal stresses on the
inner surface of the web, one can see that at the ultimate load the maximum
tensile stresses develops along the large subpanel diagonal. At this loading stage
twisting of the longitudinal stiffeners (Figure 4.87) occur mainly due to increased
deformations of the web subpanels (Figure 4.88 and 4.89). However, as shown in
Figure 4.88 and 4.89 no lateral displacement of stiffeners is noticed up to the
collapse load.

Due to the reduced subpanel slenderness ratio the membrane stresses in
the small subpanels of section A (Figure 4.91) and section B (Figure 4.92) vary
linear and increase very slowly up to the ultimate load. At failure load, a sudden
increase of tensile stresses occurs especially along the large subpanel diagonal.

At ultimate load the yield shear stresses at section A (Figure 4.93) extend
across all three small subpanels with the average shear stress in the large panel
of 76 percent of the yield shear stress.

In section B (Figure 4.94) the shear stresses developed in the areas
adjacent to the upper stiffener increase more rapidly and reach the yield shear
stress prior to the failure load. At the ultimate load yield stresses extend up to
the web - tension flange connection.

The behaviour of box girder webs type 4.(ii) which allowed development
of 90 percent of its yield shear resistance is mainly due to almost ideal support
provided by longitudinal stiffeners to the small subpanel boundaries which
allowed them to yield without buckling. This explains also the development of

large plateau noticed in Figure 4.86.



94

4.4 Discussion of Parametri¢ Study

In discussing the predicted behaviour and ultimate buckling resistance of
thin box girder webs reference will be made to the loading conditions used in

performing the parametric studies.

a. Box girders subjected to shear

As shown in the main parametric study the behaviour and ultimate shear
resistance of box girder webs is affected by the reduced thickness of the
compression flange. The reduced support provided by this flange leads to a
switch of the area where tensile stresses develop from junction of transverse
stiffener - web - compression flange considered ir. plate girders, to junction of
transverse stiffener - web - longitudinal stiffeners.

The data on the ultimate strength of box girder webs listed in (Table 4.6),
is presented diagrammatically in Figure 4.95. In this figure the predicted and
calculated ultimate shear resistance of each of the nine types of web stiffening is
given for web slenderness ratios of: i} h/w = 400; ii) h/w = 300 and iii)
h/w =240.

Comparing the ultimate shear resistance predicted by numerical analysis
with that calculated based on code provisions, for longitudinally stiffened webs,
the former are above the latter by a maximum of 9 percent, except for webs with
h/w = 240 (Figure 4.95.c) Type 3.a.(iii) and 4.(iii) where they are below by 1 and
6 percent, respectively.

For unstiffened webs the predicted strength for h/w = 400 are below the
calculated one by 13 and 1 percent respectively. For h/w = 240 the former is
above the latter by 3 percent.
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Finally one can conclude that, under the assumptions made in calculation
of ultimate shear resistance, the code provisions for plate girder webs can be
used also for box girder webs. However, care should be taken for box girders
with stiffened webs in the range of the specified lower limit h / w = 3150 / JF;
such as Type 3.e.(iii) and 4.(iii) for which the code provisions seems to
underestimate the ultimate load carrying capacity.

Even though the optimum spacing of longitudinal stiffeners for webs
subjected to shear is that corresponding to equal subpanel depth, different
spacings were used in performing the present parametric studies. This was done
considering the practical loading conditions encountered in box girder design
where in almost all cases the webs are subjected to the combined action of shear
and bending, and not shear only.

For this type of webs longitudinal stiffeners are provided in the web area
subjected to bending induced compressive stresses as discussed further in

section 4.4.b.

b. Box girders subjected to combined shear and bending

Based on results of the preliminary parametric study it was shown that in
the case of box girder webs subjected to combined action of shear forces and
bending moments for which V,/V;>06 the interacton starts at
M,/ My =06, and not at M, / My =0.75 as considered for plate girders.
Although a more detailed parametric study is considered necessary to confirm
the findings, it appears that the behaviour and ultimate strength of box girder
webs stiffened longitudinally and subjected to combined shear and bending is
even more affected than that of webs subjected to shear forces only. For such box

girders the interaction between the web and compression flange behaviour at the
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ultimate load must also be considered especially when their individual buckling
resistance approaches simultaneously the critical values. In such cases the
boundary conditions assumed in design of box girder components cease to be
satisfied.

In an attempt aimed at defining a interaction curve which matches the
results of parametric study a new interaction formula is proposed specifically for

box girder webs.
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Table 4.1 Parameters Used in the Preliminary Parametric Study

. Length of Cantilevered
Box Girder (mm) L

Parameter Notation Value
. Out-of-Plane Deformation
of Plate Panels
a. Web A% /hy, 1/165
b. Compression flange A% /b 1/165
. Out-of-Straightness of A
Stiffeners (Webs & Flanges) s/a 1/500
. Web Panel Slenderness Ratio h/w 300
. Web Subpanel Slenderness Ratio
a. Maximum hy /w 180 240 300
b. Minimum h,, /w 60 60 0
. Slenderness Ratio of
Web Stiffeners a/r 53.7
. Number of Web Stiffeners ng 0 1 2
. Web Stiffener Spacing h, /h 0.00 0.20

1075 3075 5000
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Table 4.2 Ultimate Shear and Bending Resistance of
Box Girders Used in the Preliminary Study

Web Stiffening | Box Girder P, Vy /Vy M, /M
Type Type (kN)
1 ii 1531 0.74 0.23
2 a | ii A 1580 0.77 0.23
3 c | ii 1694 0.81 0.25
1 i 1465 0.72 0.62
2 a | ii B 1535 0.75 0.65
3 c | ii 1608 0.80 0.68
1 ii 1251 0.64 0.86
2 a | il C 1338 0.67 0.92
3 c | ii 1383 0.70 0.95
Note:

For box girder type and web stiffening type see Figure 4.1 and

Figure 4.2, respectively.




)

Table 4.3 Effect of Web Stiffening System on Box Girder Resistance.

Preliminary Study
Box Girder Type
Web Stiffening
Type Resistance
Elastic | Ultimate | Elastic | Ultimate | Elastic | Ultimate
2.a.(ii) 102 3.2 80 49 75 6.9
1.(ii)
3.c(ii) |o | 122 10.7 116 9.8 107 10.6
1.(ii)
3.c.(ii) 10 7.3 19.9 48 18.5 3.4
2.a.(ii)
1.(ii) kN 439 1531 519 1465 549 1251
Note:

For box girder type and web stiffening type see Figure 4.1 and

Figure 4.2, respectively.
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Table 4.6 — continued

Normalized Ultimate Shear
Web Plate Resistance (7, /1y)
Stiffening | Panel | h,/h | hy /a | hy /w
Type | Number Code Finite Element
CSA-S6-M88 Analysis
1 017 | 0.19 66.7 1.00 1.00
i pl 0.17 | 0.19 66.7 1.00 0.97
3 067 | 0.74 | 266.7 0.72 0.68
Average| - - - 0.69° 0.78
1 017 | 0.19 50.0 1.00 1.00
b | ii 2 0.17 | 0.19 50.0 1.00 0.99
3 0.67 | 0.74 | 200.0 0.75 0.70
3 Average | - - - 0.73" 0.80
1 0.17 | 0.19 40.0 1.00 1.00
iii 2 0.17 | 0.19 40.0 1.00 0.98
3 0.67 | 0.74 | 160.0 0.78 0.74
Average| - - - 0.77" 0.82
1 020 | 0.22 80.0 0.97 0.90
c|i 2 020 | 0.22 80.0 0.97 0.88
3 0.60 | 0.67 | 240.0 0.75 0.68
Average | - - - 0.70° 0.77
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Box Girder Type A. Web Stiffening Type 3.c.(ii)

Finite Element Model

Figure 4.3
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A more detailed parametric study on box girder webs subjected to
combined shear and bending is considered as absolutely necessary. This will
lead to a more complete understanding of the box girder behaviour at the
ultimate loads so that simple but rational rules can be developed for the design
of these structures.

The effect, if any, of sloped webs on the buckling behaviour and the
ultimate strength of box girders should be examined because of their extensive

use in box girder bridges.
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