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ABSTRACT

Static tes~ results of two full-scale unsymmetrical plate

girder specimens are used for the analysis of the web stresses which

are expected to develop in a girder under repeated loading. The

significance of these stresses for the fatigue life of unsymmetrical

plate girders is evaluated on the basis of an approximate S-N re-

lationship previously obtained for symmetrical girders. A method

is described for calculating the plate bending stresses caused by

the change in lateral deflection of the web. The modified slenderness
2y

ratio Q = __~c of 'the web plate of unsymmetrical plate girders is pro­
~u h

posed as a tentative criterion for limiting the web ~lenderness.

Numerical value for ~ is recommended to be the same as that givenu

for the slenderness ratio ~ = ~ of symmetrical plate girders; it is

a function of the yield stress of the web. It is also found that

the load history of the panel influences its fatigue strength. A

study of the effect of certain geometrical as well as loading parame-

ters on the fatigue strength of plate girders is recommended in order

to refine this criterion.



1. INTRODUCTION

Unsymmetrical plate girders, that is, girders whose neutral

axis is not at the mid-depth of the web plate, are used in many types

of structures. Examples of these are orthotropic and composite deck

bridges (Fig. 1). Since these structures are subjected to repeated

loading, some limiting criteria are needed to preclude development

of fatigue cracks during the expected bridge life.

Although substantial research on the fatigue strength of

plate girders has been conduc ted (1,2,3,4,6), all of this dealt with

symmetrical plate girders, that is, girders with flanges of equal

areas and, consequently, with the centroida! axis at mid-depth.

An important type of fatigue failure which is unique to

plate girders is the development of cracks due to the lateral back­

and-forth movement of the web plate during the application and re­

moval of loading. As the web plate deflects laterally under an

increasing load, bending stresses are induced in the web at its

edges since the edges are restrained from rotation by the flanges

or stiffeners to which the web is rigidly attached. These stresses

may lead to the development ·of fatigue cracks if the load is re­

applied a suff~cient number of times.

This phenomenon has been to some extent investigated ex­

perimentally. It was observed that the web deflection pattern and

consequently the stress variation due to. a repeatedly applied load

was the same as due to a statically applied load. Hence, the stresses
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were measured in almost all cases by applying the load statically.

The available test results were then used to obtain an approximate

S-N curve, the stress range versus the number of loading cycles re­

quired to develop a crack(l~). The maximum initial out-of-plane

deflection w'i and the slenderness ratio blh for which no cracks had

been observed were proposed as limiting design criteria(a,4).

Many plate girders, espec is'lly bridge girders, are unsym-

metrical with a larger portion of the web being in tension or, in

some csses, in compression. No fatigue tests have been conducted

on such girders, and the only source of information on lateral web

deflections of these girders that can be utilized for a study of the

web bending stresses are the two full-scale unsymmetr,.lcal p late 'girder

specimens tested under static loading and described in Ref. 6. The

purpose of the study described here was to lnv~8tigate the development

of these stresses and to evaluate their significance on the basis of

the approximate S-N relationship for symmetrical girders mentioned

above (1,3) •

More refined methods than previously published (1) of

calculating web bending' stresses at stiffeners (transverse and

ho~izontal) and at flanges were developed and are presented here.

In the course of this study it became apparent that more

extensive static test deflection measurements of the girder web than

originally taken would have substantially contributed to the accuracy

of the computations. Another factor which was recognized in this
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study as important in the correlation of static test data with the

fatigue strength is the necessity of taking deflection measurements

not only during loading to the ultimate load and unloading, but also

during a reloading cycle, and, if reloading was not originally

planned for static load studies, introducing such reloading cycle

or cycles.

The points ?f the S-N curve of Ref. 1 were recalculated

using th~ new method. Two data points were added in order to es-

tablish a better defined band (Fig. 2)(~. Based on this improved

S-N relationship the fatigue life of unsymmetrical plate girders

was then estimated from the web plate bending stresses.

It was observe9 that the amount of the .lateral back-and-

forth movement of the web, when the web is subjected to a certain

*load range, was influenced by its Maximum Past Load (MPL) , ea-

pecially, when MPL ha,d been appreciably larger than the buckling vatue

of the web plate. The effect of MPL is explain~d and a recommendation

regarding its use is made.

Using the available information, a tentative criterion for

the limiting slenderness of the web of unsymm~trical 'plate girders

This is the modified slenderness ratio defined by

Where y is the portion of the web under compre,ssion and
ct3u =

is recommended.
2y

c
h

h is the thickness of the web. The numerical limiting values of ~u

are given 8S a function of the yield stress of the web.

*'~aximum Past Load" (MPL) of a panel refers to the highest load to
which the panel has been subjected in the past.
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Finally, bee.use the present limltirtg criteria are very con­

servative, recommendations are made for further research to refine

them.
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2 . METHOD OF ANALYSIS '

2.1 Plate Bending Stresses

A change in the initial out-af-plane deformation pattern

of the girder web que to an applied load is accompanied by the

formation of bending stresses in the web plate. These stresses are

the highest at the edges where the- stiffener or the flange restrains

the plate from rotation. It is at these locations that the fatigue

cracks may develop(~. Thus, it is necessary to determine the dis-

tribution and magnitude of these web plate bending stresses.

In the following sections, a method of analysis for bending

stresses at stiffeners and fla,nges is presented. This method is,

more accurate and more general than those used by other researchers(~~~

The process for computing the stresses may be summarized

in the following three steps:

1) Deflection of the plate is generalized in the

direction perpendicular to the boundary by

pOlynomials passing through the measured de~

flection points.
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is discussed in detail in Ref. 1 (page 12). As a result of these as-

sumptions, the deflections at the toes of the weld on the left and

the right sides of the stiffe~er are given respectively by

w = -e • ett

w • e • etr

(2.1s)

(2 .1b)

where e is a positive quantity representing the ~istance from the toe

of the weld to the centerline of the stiffener and e is the angle of

twist of the stiffener. With the angle between the web and the stlff-

ener remaining the same b~fore and after loading, the compatibility

condition '1s

R _

oW r
OX

x==e
(2.2)

where w is the change in the out-af-plane deflection of the web. De-

flection w is obtained as the difference between the deflections under

the maximum and minimum loads

W .. w
max

- w
min

(2.3)

It is important to keep in mind that deflections on both sides of the

stiffener are referred to the same system of coordinate axes. Sub-

stitution of the compatibility condition of Sq. (2.2) in Eq. (2.1)

gives
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(2.4a)

(2. 4b)

Next, the equilibrium equation for the stiffener-to-web

junction at the toe of the weld is derived. Designating the twist-

ing moment in the stiffener by rot and the plate bending moments to

the left and to the right of the stiffener by M 9 and M ,respective-
x"" xr

ly, the equation of equilibrium is expressed according to Fig. 3b by

(.2 • 5)

V
xr

and Vxt are the shear forces at the toe of the welds to the right.

and to the left of the stiffener, respectively.

For the stiffener, the relationship between th~ twisting moment

and the twisting angle is given by(8, p.183).

m ::
t

(2.6)

where El
w

and GK
t

are the warping and St~ Venant (pure torsion)

rigidities of the stiffener. Since the stiffener consists of two

narrow rectangles, the warping rigidity becomes negligible and

*Eq. (2.6) is simplified to

*The negligibility of I should be studied ,if stiffeners are of some
wother shape.
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m =-t
(2.7)

Neglecting the effect of the portion of the web inclosed by the weld

on the torsional rigidity of the stiffener, the torsional constant

*K
t

for a two sided rectangular stiffener is

3

K = (2 b + h)
t s

where:

b = width of a single stiffener
s

t = thickness of the stiffener
s

h = thickness of the web

The plate bending ,moments are given by (7)

where:

M
x

(2.8)

Eh
3

D = ----
12 (1_\)2 )

plate flexural rigidity

h = web plate thickness

E = modulus of elasticity (Young's modulus)

v = Poisson's ratio

The effect of curvature in the direction parallel to the stiffener,

02 w---, on the bending moment in the direction perpendicular to the
oy2

*In a more refined analysis the weld and the neglected portion of the
plate may be included. Also, a different formula should be used if
stiffeners are of some other shape.
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stiffener, M , has been shown to be negligible fqr points close to
x

the stiffener~,p·la~ Thus, this effect should be even smaller for

A2 TAl .

points at the toe of the weld. Therefore, the term V~ in Eq. (2.8)
oy2

may be negleL~pd. The expression for the plate bend~ng moment is th~n

r£duced to

M
x (2 ~ 9)

The shear force in terms of the deflection of the web is given bY(~

(2 .10)

Substitution of Eqs. (2.2), (2,,7), (2.9), and (2.~O) into

Eq. (2.5) yields one of the boundary conditions at the stiffener

fGK t ]en- - (2-v)e

x=-e

03W

_ (2-\.»e _~r"""""", =

(2 .1~)

As shown in Fig. 3c, the deflected shape of the web for a

particular level of y is expressed on each side of the stiffener by

a polynomial passing through the points given by the measured de~

flections and the points defined by Eq. (2.4)0 The order of each

polynomial is equal to the number of measured points on its
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respective side plus one. For the girder shown in Fig. 38, with n

and m columns of measured points on the left and on the right sides

of the stiffener, respectively, the polynomials for the j-th level

of yare of the following general form:

(w.) t. + t. x + t. x2 + + t. +
n+1

(2.12a)= .... x
J .t J,o J ,1 J ,2 J,n1

(w. ) + x + x2 + + m+l
(2~ 12b)= r. r" r. .... r x

J r J,o J ,1 J ,a j,m+l

where j refers to the j-th row of deflection readings and varies from

1 to s; t and r are the unknown coefficients of the two polynomials

on the left and right sides, respectively. It should be noted that

on both sides x refers to th~ same coordinate system and appropriate

signs should be used, and that Eqs. (2.12) pertain to the plate only

and do not cover the distance 2e between the toes of the ~elds.

Now the solution of the problem depends on" the detenni~

nation of the (s)o(m+n+4) unknown constants t and r. The solution

proceeds by generating a set of simultaneous linear equations.

(n+l) equations are produced for each row of the measured points by

substituting n deflections to the left df the stiffener and the

deflection given by Eq. (2.4a) into Eq. (2.12a). Repetition of this

process for each of the s rows of measured points gives (s).(n+~

equations. Similarly, the points to the right of the stiffener,

Eq. (2.4b), and Eq. (2.12b) yield (s)o(m+l) equations which together

with the previous equations result in (s).(m+n+a) equations. The
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r~maining (a.s) equations are obtained fran the following boundary con-

ditions:

B.C •.!. The continuity of the slope in the x-direction at the

toes of the welds, that is,

,OW.t Ow r
ox = ox

x=-e x=e

B.C.2. Equilibrium of moments, Eq. (2.11).

(2 • 13)

Imposition of B.C.~, however, involves the second derivative

of the deflection along the y-axis. Here, instead of using continuous

derivatives, the finite diff,erence formula tion is employed. Using

variable spacing c
1

to ~S+l (Fig. 38), the following expression is

derived:

A substitution of Eq. (2.14) and of the continuous second and third

derivatives of the deflection functions of Eqs. (2.12a) and (2.12b)

into Eq. (2.11) for each location j gives the equations needed to

satisfy B.C.2.

Using the deflection functions' of Eqs. (2.12), now with

known coefficients, the curvatures, at some discrete points along
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the stiffen~r, can be evaluated simply by taking secon~ derivative,

of these functions. Then) the bending stresses in the ptste ar, '

computed from

Eh caw

2 (1_\)2) ox2

02 W
where is the second derivative of the w function of Eqs, (2.l2).

ox2

2.3 Web Deflections and Stresses Along Flanges

Determination of the plate bending stresses along fl,ng~s

is essentially a special case ~f the formulation outlined in sec~

tion 2.2. As can be seen in Fig. 4a, a flange may be tr~ated as a

stiffener with the web plate connected on one side only. By ~rQpplng

the M and V e terms from Eq. (2.5) the equilibrium relation~hlp
xr xr

for the flange-to-web junction is derived

(2. ~6)

Equation (2.16) can also be formulated dlr~ctly from Ftg. 4b whe~e th~,

equilibrium condition at the flange-to~web junction is sketched.

Figure 4c illustrates the compatibi~ity of the angle of

twist of the flange and the slope of the web plate, which, aS$umi~g

a rigid flartge-to-web connection, can be expressed by
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e =- ~:Ix=-e

-14

(2.,l7)

Here again, because the flange and the portion of the web inclosed

by the welds have higher rigidity relative to the web plate, a

constant slope is assumed for the distance from the centroid of the

flange to the toe of the weld.

Since the overall b-end ing moment of the girder prodt).ces

an axial force in the flange, the twisting moment expression of

(8, P.16S)
Eq. (2.3) is modified to ·

m =
t

where:

P the axial force in the flange, posttive when

tensile

I + I
x z = polar radius of gyration of the flanger =

0 A
f

Af = area of the flange

I = moment of inertia of the flange about its cen"
x

troidal x-axis

I = Uloment of 'inertia of the flange about its cen-
z

troidal z-axis

K
t

b
f

t 3 /3
f

b
f

width of the flange

t
f = thickness of the flange
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Employing the previous modifications in the derivation out~

lined in Section 2.2, the ·boundary condition for the flange-to-web

junc tion becomes

[

GK t + P r :a ]
D 0 ~ (2-v)e

x=-e

=

(2019)

Then, fol1owing·a procedure similar to the procedure ex-

plained for the stiffener-to-web junction, the deflection equations

are obtained and the bending stresses computed.
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3. SPECIALIZATION OF THE METHOD AND MODIFICATION
OF BOUNDARY CONDITIONS

Application of the method described in Section 2.2 for cal-

culating plate bending stresses at a stiffener requires deflection

measurements to the left and to the right of the stiffener. For some

panels of the two specimens of Ref. 6 one column of deflection read-

ings in the neighboring panel was obtained and the method could be

employed for them. However, for most test panels no deflection

readings were taken on the neighboring panel side of the stiffener

because of the interference with diagonal reinforcement bars and the

method had to be modified. A fixed boundary was assumed at the stiff-

ener and the accuracy of this assumption was investigated by com~aring

the resultant bending stresses with those obtained by the more general
-J(

method .

3.1 Stresses at Stiffeners

Transverse Stiffeners

The first step in calculating plate bending stresses accord-

ing to the method of Section 2.2 is the selection of the order of the

polynomials. For the test panels with one column of deflection mea-

surements in the n~ighboring panel~ the configuration sketched in

..'...
.... For the sake of distinguishing the method of analysis presented in
this chapter from the simplified methods described later in this
chapter, this method will be designated as the "general method" o
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Fig. 5 with three columns of deflection readings in the test panel

was used, and the polynomials of,Eqs. (2.12) were specialized to

(w. ) = t. +' t j x + t. X
2 + .t. X

3 + t. X
4

J t JO 1 J2 J3 J4
(3.1a)

(3 . lb)

The unknown' coefficients t'
i

and.r .. were determined by the approach
J J 1 .

explained in Section 2.2. The bending stress at the toe of the weld

was then- given" by Eq. (2.15) with x = -e .

.Accuracy of the method was checked by comparing the computed

.stresses with the experimental results. ' The bending s~resses for the

points at which strain gages were located were computed from the

weighted a~erage curvature over the gage lengths and compared with the

stresses actually measured by the gage.' The equation for the weighted

average gage stress is

X
2

S
d2 w dx

-Eh X dx2

= 1 (3 .2)O"g
2(1-v2) x - x

2 1

where x and x are the x-coordinates of the gage end~. In Fig. 6,
1 :a

the calculated and measured stresses at stiffeners of the two symmetrical
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*plate girders (girders F3 and F9 of Ref. 3) are shown by solid lines

and solid dots, respectively. For both girders, the theoretical and

experimental results can ~e seen to correlate well.

To check the assumption of fixed boundary at the stiffeners,

the bending stress distribution along the stiffeners with deflection

readings on neighboring panels were calculated treating the web as a

cantilever. A graphical representation of this model is shown in

Fig. 7 where three measured points are used to define the deflected

shape of the web. Here again, because the stiffener together with

the portion of the web enclosed by the stiffener and the welds has

much higher rigidity relative to the web, the point of fixity was

assumed at the toe of the weld. This model will be referred to as

"Boundary Condition 1" or in an abbreviated form as "B.C.l".

In general, the bending stresses obtained assuming fixity

at the toe, as shown in Fig. 8a, were close to those obtained by

**allowing rotation However, in the region of the maximum bending

stresses along a stiffener, B.C.1 consistently gave higher values.

*For checking the method, some test results of symmetrical plate
girders tested at Lehigh University were used because the strain
gages were located closer to the toe of the weld than in the un­
symmetrical specimens of Ref. 6 and thus the check was of greater
significance.

**This accuracy may have been good only because the stiffeners of
the two girder specimens were proportionally ~arger than those
normally used in practice.



To canpe~sate for the overestimate, another model was se­

lected (B.Co2) by moving the point of fixity to the face of the

stiffener (Fig. 7). As illustrated in Fig. 8b, this new assumption

gave a closer estimate of the maximum bending stress to that computed

by the general method.

Based on the above findings, B.C.2 (fixity at the face of

the stiffener) was used for bending stress computation. This was

done in order to make possible the computation of bending stresses

at the stiffeners with no deflection readings in the neighboring panel.

Lonsi tudin~_t.._S~tffeners

Investigation of the plate bending stresses along longi­

tudinal stiffeners showed that the simplification of assuming the

plate to be fixed at the weld toe (B.C.l) or at the face of the

stiffener (BeC.2) led to a considerable inaccuracy. This is indicated

in Fig. 9 where B.C~2 gives substantially higher values in the region

of maximum bending stresses than the general method. Therefore, the

general method was consistently used for the determination of bending

stresses along longitudinal stiffeners.

3.2 Stresses at Flanges

For computing stresses along flanges, the configuration

shown in Fig. 10 was employed. Accordingly, the polynomial of

Eq. (2.12a) was modified to
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w == t. + t j x + t. X 2 + t. X
3 + {,. X

4

JO 1 J2 J3 J4

-20

(3.3)

Upon determination of the unknown constants t
ji

, the bending stresses

were computed from Eq. (2.15) with x = -e.

For b~nding stresses along the flanges, a similar study to

that described in Section 3.1 was carried out. The results were, in

general, the same as found for the stiffeners, that is, B.C.l and

B.C.2 gave slightly higher and slightly lower stresses, respectively,

in the region of maximum bending stress than the general method. A

comparison of the bending stress distributions using the general method,

B.C.l, and B.C.2 is made in Fig. 11 for a typical flange~). For the

sake of si~plicity, B.C.2 was selected for bending stress computations

at flanges.

It should be noted that, although B.C.! and B.C.2 proved

to give acceptable results for the plate bending stress analysis at

the flanges and transverse stiffeners of girders of Ref. 6, they are

not recommended for general use- unles,s their accuracy can be checked

against the general method .

...

3.3 Selection of Loading Range for Stress Computation

The general purpose of fatigue studies is ~o establish a

relationship between the stress range and the number of loading cycles

needed to initiate a crack, the S-N curve. In most of the previous

fatigue research, the stress range was taken to be directly pro-

portiona! to the loading range. However, for plate girders, the
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stress range of interest is the change in plate bending stress caused

by the change in deformation pattern which is not directly proportional

to the loading range; it is some non-linear function of geometry,

initial deformations, magnitude of the loads, etc.

In the course of this study, it was observed that the change

in the deformation pattern of the web depends on the maximum load to

which the web has been subjected in the past, the maximum past load

(MPL) ·

This can be explained by the degree of local plastification

of the web under the action of the MPL. As the load increases beyond

the buckling value of the panel, the out-of-plane deflection of the

panel becomes more and more pronounced, and the deformation pattern

changes to conform to the loading condition. In consequence, due to

the change in curvature, local yielding occurs at the boundaries of

the panel. After unloading, residual stresses form in the plastified

zones and restrain the panel for restoring its initial (original)

deformation pattern. This change in the initial deformation pattern

due to the MPL of the panel may be seen in Fig. 12a where the out-of­

plane deflections of the web are plotted under zero loads before and

after the girder was subjected to the maximum load. The amount of

the change depends on the extent of plastification along the boundaries

of the panel and is thus smaller for panels with a smaller MPL. The

change becomes much more pronounced if the panel is loaded far beyond

its buckling value, possibly close to its ultimate strength where the
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yielding appears also at other locations within the panel, for example,

along the tension field. This is seen in Fig. 12b where the initial

out-af-plane deflection of the web is compared with the out-af-plane

deflec'tion of the web after the panel has been loaded to the ultimate

and then unloaded. In this case, the new deformation pattern has no

resemblance to the initial pattern.

In Fig. 13, a plot of load versus lateral deflection of a

point on the web is shown. It is apparent that the change in the

lateral deflection of the point under the range of loading specified

there is considerably smaller in the second loading cycle than in

the first loading cycle. It may also be noted that, upon reappli-

cation of the same loading range, the change in deflection of the

point remains nearly the same provided that the maximum load does

not exceed the maximum past load CMPL). The loads of 27.5 per cent

and 55 per cent of the ultimate load have been used as representative

of the minimum and maximum working loads to which a girder may be
..

sub j ec ted (2).

In the panels of the two unsymmetrical test girder speci-

mens, because of very high slenderness ratio, local yielding ·was

observed along the boundaries of the panels even at the working

load of 0.55 P. This is illustrated in Figs. 14, 15, 16, and 17
u

for panel UG 5a.3. Figures 14, 15, and 16 show the contour plots

of the initial web deflection, of the lateral web deflection under

140 kips load, and of the change in the lateral web deflection due to
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the application of 140 kips load, respectively. The bending stress

distributions along the left stiffener for different load ranges are

plotted in Fig. 17. Strains larger than the yield strain of the web

under the working load are indicated in Fig. 178 by the bending

stresses larger than the yield stress of the web.

Because of the excessive amount of yielding along the bound­

aries of the test panels and also because the permanent change in

the initial deformation pattern (such as formation of the tension

field) could be expected in such slender webs even at the working

load, the selection of the deflection range from the first path of

loading seemed to be unrealistic. For more accurate analysis of the

bending stresses, therefore, it was desirable to have deflection

readings during the unloading of the panel after it had been sub­

jected to its working load. Even more desirable would have been

readings for subsequent loading cycles. In this study, only the un­

loading range from the ultimate load was available as the more ac­

curate data than the first loading.

In Fig. 18, the unloading portions of the load versus later­

al deflection are plotted for a number of different points on the

panels. Although the loading process induced localized yielding and

non-linearity, relative linearity is observed for all points during

the unloading. Thus, for the stress range calculations, 27.5 per cent

of the change in the deflection for the whole unloading range (from

the ultimate load to zero load) was used. It should be noted that
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'because the MPL of the panel was ~u' that is, the maximum possible,

the results are to be regarded as an underestimate of the bending

stresses which would normally be induced in the web under repetitive

working load.
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4. DESIGN CONSIDERATIONS

4.1 Previous Work

Tentative design recommendations based on experimental re­

sults have been suggested for symmetrical girders (2). The fac tors in-

fluencing the formation of the fatigue cracks were indicated as the

following: 1) the magnitude of initial deflections of the web, 2) the

magnitude and range of loading, 3) the change of the magnitude of the

web deflections under load) 4) the corresponding plate bending stresses,

and 5) the properties of the web material in terms of the stress-

fatigue life relationship.

Conservative limits for slenderness ratio ~ have been sug­

gested for hybrid (4) . and homogeneous (a) symmetrical girders as 192 for

*A36 steel and 3650o/IF: • respectively. Also. a limitation for the
y

initial web deflection has been proposed to be(4)

w. F
-!. < 1000 J..

Eh -
(4.1)

w.
A plot of the relative initial web deflection h~versus the

b
slenderness ratio h for symmetrical test girders (Fig. 26 of Ref. 2)

shows that about one-third of the panels with slenderness ratios
w.

1
greater than 200 and 11 less than 2 did not fail when subjected to re-

peated loading over 2,000,000 cycles. This and a lack of correlation

*190 for A36 steel.
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between the bending st~~ss and the slenderness ratio which was observed

in this study (Section 4.5.2) seem to indicate that the slenderness

ratio and the relative initial web deflection alone cannot be used as

efficient limiting design criteria to preclude fatigue failure. Other

geometrical as well as loading parameters should be taken into account.

The effects of initial web deflection, slenderness ratio,

and the change in web deflection pattern under overload on the fatigue

strength of girders are evaluated and presented in the following sec-

tions. In the process, the proposed stress computation method was

applied to unsymmetrical as well as symmetrical girders.

4.2 Effect of Initial Web Deflection
w.

The relative magnitude of the initial web deflection : has

been introduced as one of the factors controlling the occurrence of

fatigue cracks(2,4~ However, as pointed out earlier in Section 3.3,

because of the partial plastification of the web plate, the defor-

mation pattern of the web under zero load would be modified in com-

parison with the initial web defo~ation pattern if the panel was

loaded beyond its buckling value in its past life. It may be thus

concluded that the magnitude and pattern of the web plate deflections

existing before the girder is loaded may have little significance on

the fatigue life. The new deflection pattern which develops after

the maximum past load (MPL) of the girder is reached should be used

as the basis. Some of the previous investigators have, in fact, used

i.t as the initial web deflec tion (2).
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The new deflection ·pattern can be influenced by the actual

initial deflection of ",the web plate. However, ,as shown in Fig. 12b,
1.(

in cases where the MPL considerably exceeds the buckling value this

effect is -negligible. It should be" noted that in some panels, in

which local plastification does not occur under loads of practical

value, the web is likely to maintain its initial deflection pattern.

In this case, the effect of initi~l deflection on the development of

fatigue cracks may be of direct significance. However, for thin web

plate girders this is very unlikely.

Therefore, it is tentatively concluded that if the MPL of

a panel is sufficiently high to change the deformation pattern of

the panel significantly" such 8S when it exceeds the buckling value,

the initial web deflection of the panel cannot be used as a reliable

criterion for controlling the occurrence of fatigue cracks.

4.3 Effect of the Change in the Initial Web Deflection Pattern
due to Overload

As noted in Sections 3.3 and 4.2, a permanent change in the

initial'deformation pattern of 8 web 1s expected if it is subjected

to a load higher than ~ts .buckling value. It was observed that this

permanent change in the initial deformation pattern tends to reduce

the amount of the flexing that the ~eb would undergo under a repeated

load range. Consequently, an increase in the fatigue strength of a

panel may be expected after It is subjected to an overload (MPL)

which is higher than the buckling value. It should be noted, however,
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that since the change in deflection pattern is such as to conform to

*the type of loading , the increase in fatigue strength is possible

only if the structure is subjected mainly to the same type of load-

tng all through its expected life. If a panel is to be subjected

to different types of loading, its deformation pattern will change

each time to conform to the new loading condition. In this case, it

is less likely that overloading can improve'the fatigue strength.

It may be concluded, then, that an overloading of a girder
,

panel is beneficial to its fatigue strength, provided the panel will

be subjected mainly to the same type of loading through its service

life.

4.4 Effect of Slenderness Ratio

Because of a la'ck of sufficient number of test r.es,ult$, it

is impossible to directly establish limits of slenderness ratio for

unsymmetrical plate girders. Thus, the limit set for symmetrical

girders is tentatively recommended, except that the controlling

slenderness ratio should be defined somewhat differently .

. 'It has been reported that the fatigue cracks caused by the

flexing of the·web are usually located ~n the compressed portion of

the web (1,4) . This is simp ly because compression tends to amplify

the deflections. On the other hand, tension to the other side of

*"Type of Load'ing" is defined as a certain combination of 'shear and
Mmoment and may be represented by the ratio Vb.
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the centroidal girder axis tends to reduce deflections and thereby re-

duces the possibility of the occurrence of fatigue cracks. It follows,

then, tha't the portion of the web depth under compression should be

a more important factor than the full depth in limiting the slenderness

of the web in order to inhibit formation of fatigue crac.ks~ On this

basis, it is suggested that

{3 ==u

2y
c

h
(4.2)

be used as the controlling slenderness ratio rather than the slender-

ness ratio for the full dep,th

where:

b .- web dep th

Y
c

~ portion of the web depth under comp~ession

h = web thickness

Equation (4.2) reduces to Eq. (4.3) for ~ymmetrical girders.

The limitation given by Eq. (4.2) sho~ld be fu+ther investi~

gated for the case of pure shear or where the shear is dominant.

4.5 Test Results for Unsymmetrical Girders

Nine panels of the two unsymmetrical girder specimens

(UG 4.2, 4.5, and UG 5.1 to 5.6 of Ref. 6) were a~alyzed for the plate
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bending stress distribution at the web boundaries. rhe results are

presented in Table l~

As discussed in Section 3,3, a load of 27.5 per cent of the

unloading range, from the ultimate load to the zeto load, was used

for the bending stress calculation. Hence, the maximum past load

(MPL) of each panel was equal to ~he ultimate load. However, since

girders used in practice are not normally subject~d to qn ov~rload,

espe~ia11y of such a magnitude, their MPL may pe assumed equal to

their maximum working load P and the r8Qge o~ toadtng to, ' , max

p - p . . Consequently, the change in the lqteral deflection of
max ID1n

2705 per cent of the unloading range may b~ expected to be smaller

than the change in deflection due to a loading range of rmax - P
min

when the MPL is assumed to be equal to P
mqX

Als9, the web thickness

and stiffeper proportions of the two test girders were sQmewhat dif~

ferent than those that would be recommended in practice. For these

reasons, the test results of the unsymmetricql plate girder speci-

mens could not be presented as examples of the expected performance

of an actual bridge girder. Nevertheless, the observations presen~ed

in Sections 4.5.1, 4.5.2, and 4.5.3 can serv~ to d~aw some pr~ct~cal

conclusions.

Since a fatigue life of two million cyc1~s of repeated load-

iog is usually recommended as an acceptqble limit in current p~actice9

a stress of 24 ksi was taken for this life frpm ~ig. 2 to be used as

an indicator of the safe or unsafe nature of the calculated bending
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stresses. Correspondingly, the panels of the two unsymmetrical plate

girders are categorized as usafe" (8) or "not safe" (NS) in column 9

of Table 1.

4.5.1 Stresses at Flanges and Horizontal Stiffeners

The maximum bending stresses observed at horizontal stiff-

eners and flanges in the compressive portion of the web are listed in

columns 6 and 7 of Table 1, respectively. For three panels, the

highest stress was in the tensile portion of the web (it is given in

the brackets). This may be so because shear was the dominant portion

Mof the loading as indicated by term Vb' the ratio of the moment to

shear non-dimensionalized by the web depth. Although the maximum

stresses observed do not correlate well with the modified slenderness

ratio ~ , the fact that the stresses corresponding to ~ of less than
u u

200 are smaller than 24 ksi indicates that the proposed limitation

for ~ is conservative o

u

The stresses at the horizontal stiffener are relatively lower

than at the flanges; this is due to the smaller torsional rigidity of

the horizontal stiffener and, therefore, smaller rotational restraint

of the web.

4.5.2 Stresses at Transvers~ Stiffener~

nte maximum bending stresses observed at the transverse

stiffeners in the compression portion of the web are listed in col-

umn 8 of Table 1. Brackets indicate that the highest stress was in

the tensile portion of the web. Parentheses indicate that the stress
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was in the neighborhood of the anchorage of the diagonal reinforce-

ment bar and, therefore, might have been influenced by local dlstur·

bances there.

Relatively high stresses occur at most of. these stiffeners

regardless of the value of the modified slenderness ratio ~, This
u

may be attributed to the use of large size stiffeners in the test ·

girders and, consequently, greater rotational restraint of the web

than may be expected for more conventionally sized stiffeners. It

follows, then, that stiffeners with greater rotational rigidity would

lead to a reduced fatigue strength of the panel.

4.5.3 Summary of the Results

In summary, the following observations can be made:

1) Although the proposed limiting ~ was found to beu

conservative, 8 lack of correlation between the

bending stress and ~ was apparent.u

2) The stresses at horizontal stiffeners were reI-

atively low.

3) Stiffeners with greater rotational rigidity lead

to a reduced fatigue strength.

All these seem to confirm the conclusion arrived at earlier

that the slenderness ratio and the maximum initial lateral deflection

alone, although conservative, cannot be used as efficient limiting
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design criteria for precluding the development of fatigue cracks. Other

Mfactors, such as, the type of loading 'Vb' aspect ratio a, relative com-
Yc

pressive portion of the web depth ~, and the geometry of stiffeners

should be in some way taken into account.
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5. SUMMARY J CONCWSIONS)
AND RECOMMENDATIONS

",t\n important type of fatigue failure which is unique to

plate girders is the development of cracks due to the flexing of the

web plate when the girder is subjected to repeated loading. In an

attempt to tentatively study this type of fatigue ,behavior of unsym-

metrical plate girders, static test results of two full-scale u~sym-

metrical girder specimens were used for the analysis of the web bend~

ing stresses. The signif~cance of these stresses for the fatigue

strength of the girders was evaluated by basing it on an approximate

stress-fatigue life relationship (S-N curve) previously obtained for

s~etrical girders.

An improved method was developed for calculating the plate

bending stresses caused by the change in the out-af-plane deflections

of the web (Chapter 2). The method was specialized in order to make

it applicable to the test girder panels as explained in Chapter 3~

The results of this study are presented in Chapter 4, where the ef.

fects of the initial web deflection, of the slenderness of the web,

and of the load history of the panel on its fatigue behavior are dis-

cussed.

C.?nc lus ions:

Based on the test results of the two uns~etrical plate

girder specimens and the information available on symmetrical plate

girders, the following conclusions can be drawn:



1. 'The inltial web deflection of the panel has little

effect, if any, on the occurrence of fatigue cracks

if the panel has been subjected to loads greater

than the buckling value.

2~ The use of large stiffeners tends to reduce the

fatigue life of panels.

Reconmendations:

It was shown that the design limitations of Refs. 2 and 4,

although conservative in most cases, cannot be used as efficient de-

sign criteria and that in some cases they may even result in an un-

safe design. This is the case, for example, for panels with trans-

verse stiffeners of high torsional rigidity. It was also observed

that the load history (maximum past load) of a panel influences its

fatigue strengtho The following recommendations are made from these

findings:

1.
2y

cA modified slenderness ratio au = ~, where Yc

and h are the compressive portion and the thickness

of the web respectively, is tentatively recommended

as a limiting criterion to preclude fatigue cracks

in unsymmetrical plate girders. The numerical value

of ~ is given as a function of the yield stress
u

of the web

Q. < 36 2 500
I-'u IF

y

(5.1)
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Equation (5.1) is the proposed limit on web

slenderness ratio ~ of symmetrical plate gird-

ers given in Ref. 2.

2. Fatigue strength of a panel can be increased

by overloading if the fo~lowing are true:

a. The panel is subjected to approximately

the same type of loading throughout its

expected life.

*b. The overload exceeds the buckling value

of the· panel. This requirement is auto-

matically satisfied when the ~aximum

working load (P ) of the panel ismax

larger than its buckling value.

Recommendation for Future Research:

·36

The effects of loading as well as of geometrical paraneters,

such as the ratio of moment to shear non~dimensionalizedby the web

Mdepth Vb' aspect ratio a, and the dimensions of the stiffener, on

the fatigue strength of the panel should be studied in greater de-

tail in order to arrive at more comprehensive limiting criteria.

*Overload is defined as a load larger than the maximum working load.
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TABLE 1: TEST RESULTS OF UNSYMMETRICAL PLATE
GIRDER SPECIMENS (Ref. 6)

~37

Girder Panel
~u

!:L Bending Stress (ksi) Cate=
No. Vb HS F TS gory

UG 4 2 1.15 262 2.35 24 32 NS

4 1.77 346 3.50 39 16 NS

5 0.83 178 2.20 8 (33)[38J NS

UG 5 1 2,40 336 0.90 22 [31 J 18 NS

2 1.55 336 2.40 15 [17J 29[32J NS

3 1.97 336 3.70 18 26

4 2.40 199 3.50 21 10[(32)J S

5 1.13 199 2.20 15 31 NS

6 2,40 199 0.90 20 [22] 13[18J S

F Flange

HS Horizontal Stiffener

TS Transverse Stiffener

[] Encloses the highest stress when it occurs in tension portion
of the web

() Encloses the stresses which might have been influenced by
local disturbances

S Safe (N > 2xlOS cycles)

NS Not Safe (N < 2xlae cycles)
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