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CHAPTER I - INTRODUCTION

With the increased usage of horizontally curved steel I girder bridges, the interest in under-
standing the behavior of and developing rational design guidelines for these types of structures
has grown rapidly. One particular interest 1s the shear strength of curved I girders, an issue that
has been studied analytically and experimentally by a number of investigators.

Prior research has shown that the clastic buckling strength of a curved web panel is greater
than that of a straight girder panel with the same aspect ratio, material properties, web slender-
ness ratio, and boundary conditions (Mozer et al. 1970, 1971 and 1975; Mariani et al. 1973,
Abdel-Sayed 1973; Davidson 1996; Lee and Yoo 1999b; White et al. 2001). However the
increase in strength due to horizontal curvature is typically small relative to the shear capacity,
and thus the Guide Specifications for Horizontally Curved Highway Bridges (AASHTO 2001a),
hereafter referred to as the 2001 Guide Specifications, ignore this benefit and utilize the same
shear buckling strength equations as in the AASHTO Standard and LRFD provisions for straight
I girders (AASHTO 2000, 2001b).

The experimental work of Mozer et al. (1970, 1971 and 1975) also indicated that horizontal
curvature reduces the maximum shear strength of curved web panels from that of straight pan-
els; however, the reduction for cases of practical values of horizontal curvature (e.g., Ly/R <
0.10) was found to be insignificant. Lee and Yoo (1999b) and White et al. (2001) have con-
firmed these findings analytically.

Despite the available analytical and numerical studies on the shear behavior and strength of
curved I girders, no experimental tests of transversely-stiffened [ girders with web slenderness

D/t,, > 70 and panel aspect ratio d,/D > 1.33 have been conducted. Mozer and Culver (1970) did



test girders with (D/t,, = 188, d/D = 1) and with (D/t,, = 150, d /D = 1.33), and I girders with
similar parameters have been tested in Japan. These test limits appear to be related to the fact
that the AASHTO design specifications in effect for straight I girders at the time of the carly
research on curved I girder bridges limited the panel aspect ratio to d,/D < 1. As a result, the
2001 Guide Specifications place the following significant restrictions on the design of curved I

girder webs:

e The maximum web slenderness 1s limited to

D

[A

100 (1)

—

£

for curved girders with unstiffened web panels (defined by d /D > 1) and a radius of curva-
ture less than 213 m (700 ft). This restriction is relaxed to D/t,, < 150 for R > 610 m (2000
ft), with a linear transition in the D/t,, limit between these two radii, i.e., for R > 213 m,
%£1Cr0+0‘125(R——213)£150 (2)
where R is expressed in m. The limit D/t,, < 150 is the maximum web slenderness permitted
for unstiffened web panels in the LRFD straight girder Specifications (AASHTO 2001b), and
1s intended to facilitate handling during fabrication and erection. The limit of 100 is selected

to satisfy approximately the web compactness provisions in AASHTO LRFD for F, = 345
MPa (50 ksi), which is the maximum F, allowed for the use of compact flange flexural

strength equations in the Guide Specifications (AASHTO 2001a).

e The ratio d /D is restricted to be less than or equal to one in girders designed with stiffened

web panels.



o The maximum web flexural stresses are limited to the elastic bend buckling stress under all
loading conditions. Also, potential postbuckling contributions to the shear strength are
neglected.

Hall et al. (1999) state in their discussion of new recommended research:

“Relief from this requirement [the limit of d /D < 1] for some curvatures can be jus-

tified with additional testing. Neither fatigue behavior nor strength of curved-girder
webs is well understood at this time, and it would be risky to reduce the stiffening
requirements without further analytical and experimental research.... Reduction of
required web stiffening is one area where gains are possible.... Investigation of vari-
ous types of web stiffening should be expanded for bending, shear, and combined
bending and shear conditions.... The effect of stiffener spacing on the bend-buckling
strength of curved girders with varying details is needed.”

1.1 OBJECTIVE AND SCOPE

This report presents the results of four full-scale curved steel I girder component tests
conducted to examine their shear behavior and to determine their maximum shear strengths. A
web depth D of 1219 mm (48 in) and AASHTO M270 Grade 345 steel 1s selected for all of these
girders to match that of eight bending component specimens tested at the FHWA Turner Fair-
bank Laboratory (Hartmann and Wright 2001). The nominal web thickness for the shear tests is
selected as 8 mm (5/16 in), resulting in a nominal web slenderness D/t,, ol 154. Two of the gird-
ers, referred to as S1 and S1-S, have a radius R =63 630 mm (208.75 ft) and transverse stiffener
spacing such that the ratio d /D is 3 for SI and 1.5 for S1-S (producing d /R = 0.0575 and
0.0287 respectively). The other two test components, labeled as S2 and S2-S, are identical to S1

and S1-S except that their radii are 36 580 mm (120 fi), resulting in d /R = 0.10 and 0.050. All

of the girders are braced against radial deflections at intervals of 3658 mm (12 ft) along the

[P



girder arc. Therefore, the ratio L/R is equal to 0.0575 for S1 and S1-S and 0.10 for S2 and S2-
S, where Ly, is the distance between the brace points along the girder arc.

The above girders are instrumented to determine their maximum shear resistance as well as
the mechanisms associated with the development of their shear strengths. Of particular interest
1s the extent to which the curved webs are capable of developing postbuckling strength, and the

influence of the horizontal curvature and panel aspect ratio on the development of this strength.

1.2 ORGANIZATION

The following chapter provides a detailed review of prior research on curved I girder web
behavior and existing specification provisions for proportioning of horizontally curved I girder
web panels. Although the complete range of issues associated with curved I girder web design is
beyond the scope of this specific research, it is essential to understand the broad context within
which the current research on maximum shear strength of curved I girder webs fits. This is fol-
lowed in Chapter 3 by an overview of the geometry and boundary conditions for the four shear
strength tests conducted 1n this research, and a detailed summary of the measured geometry and
material properties for the test girders. Chapter 4 then describes the test apparatus and proce-
dure. Chapter 5 discusses the test results, including comparisons with several strength models

and their predictions, and conclusions are provided in Chapter 6.



CHAPTER II BACKGROUND

Requirements for proportioning of horizontally curved I girder web panels have been estab-
lished in the past based essentially either on maximum elastic stress limits (including
consideration of fatigue) or maximum strength considerations. Prior work concerning these

requirements is reviewed below.

2.1 ELASTIC STRESS BASED WEB SLENDERNESS LIMITS (INCLUD-

ING CONSIDERATION OF FATIGUE)

Culver et al. (1972a, b) were the first to develop recommended web slenderness limits for

curved I girder webs. These investigators determined the values of D/t,, at various curvatures,
quantified by the parameter d /R, to limit calculated web longitudinal plate bending stresses at

transverse stiffeners to the same magnitude as in imperfect straight girder web panels with the
same panel aspect ratio d,/D, web slenderness D/t,, = 200, and out-of-tlatness representative of
AWS (1966) fabrication tolerances. Straight girders with a web slenderness of 200 were
selected as a base in these studies since this value was approximately the upper limit on the web
slenderness of straight girders at the time of the research. Culver et al. analyzed a range of cyl-

lindrically-curved web panels in doubly-symmetric girders with D/t up to 300, d /D from 0.67
to 1.5 and d /R up to 0.167. The resulting equation for the maximum D/t,, allowable within

curved web panels can be written as

.‘ i a2
D678 |E 1—8.6‘_%34(4’) (3)
P, R TR

W



In the limit that R goes to infinity, this equation reduces to the restriction on the maximum slen-
derness of straight I girder webs within the AASHTO straight girder Specifications (AASHTO
2000, 2001b), which defines an upper bound below which fatigue due to excessive web lateral
deflections is not a consideration. This limit 1s based on the research by Yen and Muller (1966)
and Muller and Yen (1968). The dependency of Eq. (3) on Fy indirectly reflects the tendency of
bridges designed with higher yield strength steels to be subjected to larger applied stresses. Cul-
ver ct al. (1972a) stated that, "Until fatigue test data are obtained for curved girders, this
reduction [Eq. (3)] or essentially limiting D/t,, for highly curved girders to existing limits in the
working stress portion of the AASHO specifications appears to be warranted."

In the analyses conducted by Culver et al. (1972a, b), the web panel was modeled as a series
of isolated unit cylindrical strips on an elastic foundation, subjected to a radial pressure loading
per (Wachowiak 1967) to simulate the effect of horizontal curvature. The radial displacements
at the web boundaries were assumed to be zero. An extension of this work was published a year
later, when Culver et al. (1973) used a shell model to examine the accuracy of the cylindrical
strip idealization. This work also included consideration of longitudinal stiffeners. In both (Cul-
ver 1972) and (Culver et al. 1973), the investigators showed that the magnitude of the
longitudinal web plate bending stresses was significantly affected by the spring constant of the
equivalant elastic foundation associated with the plate action between the girder flanges (or the
flanges and the longitudinal stiffeners). Also, both (Culver et al. 1972a and 1973) show a signif-
icant increase in the calculated longitudinal web plate bending stresses at the transverse stiffeners

with decreasing panel aspect ratio d /D. However, they found that the required reduction in D/t,,

(for the above stresses to be the same magnitude in curved web panels as in imperfect straight

web panels with the same d /D) to be insensitive to the spring constant and the value of d /D.



Nevertheless, their computed web plate bending stresses ranged from as low as nine percent to as
high as 44 percent of the yield strength of A36 steel (for d /D = 1.5 and the largest spring con-
stant versus d /D = 0.67 and the smallest spring constant) (Culver et al. 1973). Since the web
fatigue behavior should be related to the stress magnitudes, it is possible that a more rational
assessment of fatigue might be attained with a basis different than that of equating web plate
bending stresses in curved and straight web panels without regard for the magnitude of the
stresses, as in the above.

Daniels and Herbein (1980) conducted the only experimental research in the U.S. regarding
fatigue of curved steel bridge I girders. These investigators studied the performance of thin webs
in a number of homogeneous noncomposite doubly-symmetric I girders. Based on this research,
Daniels et al. (1980) concluded that Eq. (3) was too severe and proposed the following more lib-

eral equations (expressed here in a nondimensionalized form):

d
D_yo7 |E [1 40 }s 170 (4)
t, f, R
for allowable stress design and
j d
D w8 |2 [z 42 <192 (5)
t, E, R |

for load factor design.

Daniels et al. (1980) arrived at Egs. (4) and (5) by observing that the radial deflections at the
web-to-flange boundaries in curved I girders tend to reduce the relative web transverse displace-
ments and the corresponding plate bending stresses. The analyses by Culver et al. (1972a, b,
1973) did not consider these effects. The girders tested by Daniels and Herbein (1980) exceeded

the Eq. (3) limits in all cases, but no fatigue crack developed along the web boundaries. The web



slenderness D/t,, ranged from 139 to 192 and the panel aspect ratio d,/D ranged from to 2.03 to

2.36 in these girders. In the development of their design recommendations Daniels et al. (1980)
state, “To estimate the lateral deflections of the web boundaries would be mathematically highly
involved, if not impossible. Thus, a rigorous reexamination of the web boundary bending
stresses 1s not warranted for the sake of establishing web slenderness ratios. A relatively simple
although empirical way to liberate the slenderness reduction factor is to reduce the (CURT)
adopted initial out-of-straightness.” Daniels et al. (1980) developed Egs. (4) and (5) simply by
assuming an initial web out-of-straighiness of one-half that assumed by Culver et al. (1972a, b,
1973). Equation (4) is adopted within the allowable stress design portion of the AASHTO Guide
Specifications for Horizontally Curved Highway Bridges (AASHTO 1993). However, the load
factor design portion of these specifications still retains Eq. (3).

More recently, Davidson et al. (1999) developed a conservative multiplier that can be
applied to the stress at the web-flange juncture of a curved I girder (calculated by beam theory as
f=-My/I) to obtain an estimate of the maximum von Mises stress in the web, located at the web-
flange juncture, including geometric nonlinear plate bending effects. This multiplier takes the

form

" 28 D.D, D)2/D, 2
W = l1la —] 1+0.161 —— +0.128(~#) (--) (6)
L R t R t R

W W
where D, is the depth of the web in compression. Davidson et al. (1999) also propose a reduc-
tion factor on the web slenderness D/t,, that can be applied as an alternative to the bracketed

terms in Eqs. (3) through (5) by taking the inverse square root of Eq. (6), i.e.,

R; = F (7)

v,



Although there is no theoretical basis for this equation, it fits closely with the reduction pro-
posed by Daniels et al. (1980) and with a separate equation for the maximum D/t in curved |
girders proposed in (Nakai et al. 1986; Nakai and Yoo 1988). The D/t,, limit proposed by Nakai
et al. (1986) is based on equating the plate bending stresses within curved and equivalent imper-
fect straight girder web panels, similar to the basis for the equations proposed by Culver et al.
(1972a, b, 1973). The analyses by Davidson et al. (1999) were conducted on isolated curved
web pancls with the vertical bending moments applied as an idealized linear stress distribution
through the depth of the cross-section at the ends of the panel.

Davidson et al. (2000) extended the above research on behavior of curved webs subjected to
uniform vertical bending to include the effects of combined bending and shear. The shearing in
the web was induced by applying shear tractions along the four panel edges. They found that the
addition of shear tends to give a small increase in the transverse “bulging” displacements within
the panel and the maximum stress at the top of the web, along with a further reduction in the
girder moment at first yield (with first yield calculated including the effect of plate bending
stresses). However, since the increase in the maximum stress due to added shear was small, they
found that Eq. (6) from (Davidson et al. 1999) was still conservative.

The general trends observed by (Davidson et al. 1999 and 2000) were also observed by
Mikami and Furunishi (1984), who also studied the nonlinear behavior of isolated cylindrical
web panels subjected to uniform vertical bending and combined bending and shear edge trac-
tions. In summary, both Davidson and Mikami and Furnishi found that:

e The web membrane stress associated with the overall bending of the girder tends to decrease
as the horizontal curvature increases, and as a result, the bending moment carried by the web

panel is reduced.



e A web panel subjected to combined bending and shear has smaller web membrane stresses
due to vertical bending compared with the same panel under uniform vertical bending.

* The web plate bending stresses under combined bending and shear are larger than those
under uniform vertical bending.

Unfortunately, Davidson et al. (1999 and 2000) apply Eq. (6) in calculating the maximum
girder flexural strength, effectively basing the vertical bending strength of the curved I girder on
a criterion that the localized maximum von Mises stress at the web flange juncture (including the
plate bending stresses, but neglecting contributions of residual stresses due to cutting and weld-
ing of the web plate) should never exceed the yield strength of the material. Their approach for
estimating web plate bending stresss may be valuable for assessment of fatigue. However, in the
view of the authors, there i1s no reason why an I girder web needs to be limited to nominal first
yield under maximum strength loading conditions. It can be shown that generally, the overall
contribution of the web to both vertical and lateral bending is relatively small compared to that of
the flanges of an [ girder. It should be possible to allow some yielding within a noncompact or
slender curved web at maximum strength load levels without any significant detriment to the
overall girder vertical and/or lateral bending capacity. This issue is addressed within the context
of curved homogenous I girders in the parametric studies by White et al. (2001). Also, an anal-
ogy can be drawn with the design of straight hybrid [ girders. In hybrid I girder design, the web
is allowed to yield under the maximum design loading conditions, regardless of whether it is
compact or not (Schilling and Frost 1964; Schilling 1968; ASCE 1968). The reduction in the
flexural capacity due to web yielding and web bend buckling is accounted for within the hybrid

Rj, and load-shedding R, factors of the AASHTO (2001b) Specifications. The capacity of a

hybrid girder does not need to be limited to first yielding of the web.
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The Guide Specifications (AASHTO 2001a) do not adopt any of the above equations for a
maximum allowable D/t,,. Rather, these specifications limit the nominal web stress due to verti-
cal bending of the I girder to the web bend buckling stress, and the limit the web shear force to
the elastic or inelastic shear buckling load. Hall et al. (1999) evaluated the prior research per-
taining to the fatigue of curved I girder webs, and concluded that fatigue issues due to web plate
bending can be avoided if the web stresses are maintained below these buckling strengths (Hall
2000). There is precedent for limiting the web to 1ts elastic bend buckling and elastic/inelastic
shear buckling strength to avoid fatigue issues in straight I girder webs (Patterson et al. 1970,
Galambos et al. 1977, Fisher et al. 1979, Montgomery 1987, Nowak et al. 1993, Okura et al.
1993 and AASHTO 2001b). Duchene and Maquoi (1985) and Remadi et al. (1985) show a clear
correlation between significant increases in the maximum surface stresses perpendicular to the
flange or to the transverse stiffeners at the web boundaries and exceeding of the web critical
stress in models of straight I girder webs. However, the Guide Specifications restrict the web to
these buckling strengths under all loading combinations, whereas the LRFD Specifications

(AASHTO 2001b) apply this limit only under fatigue loading conditions.

The theoretical web elastic bend buckling stress is expressed in the 200/ Guide Specifica-

tions as
n*Ek 0.9Ek
£, < Y i~ et <F, (8)
138 —vy 2 2
( v )\tw) (1“)
where
k= ?.2[2]227.2 9)
D
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for unstiffened webs and

= 9(2)227‘2 (10)

for stiffened web panels. The multiplier 7.2 in Eq. (5) results in a bend-buckling coefficient of
28.8 for doubly symmetric girders. This is close to the theoretical value of k = 24 for webs with
D, = D/2 and simply supported boundary conditions on their longitudinal edges. The multiplier
9 1n Eq. (6) gives a k of 36 for a doubly symmetric girder, which is approximately 80 percent of
the difference between the buckling coefficient for simply supported and fully restrained longitu-
dinal edge conditions. Equation (5) is used implicitly in the current AASHTO LRFD
Specifications for representation of the bend-buckling resistance within the load-shedding
parameter Ry, for sections with D, > D/2, and Eq. (6) gives the bend-buckling coefficient implic-
itly used within Ry, for sections with D, < D/2. Hall et al. (1999) explain that the smaller bend-
buckling coefficient is used for unstiffened webs to account conservatively for potential moment-
shear interaction effects. Also, they explain that the more liberal value is utilized for stiffened
web panels since the reserve postbuckiing strength of the panel in bending and in shear is
ignored. The lower limit of 7.2 on the value of k is approximately equal to the theoretical buck-
ling coefficient for a web plate under uniform compression assuming clamped boundary
conditions at the flanges (SSRC 1998).

For d/D < 1, the limit on D/t,, based on Eq. (8), applied to all loading conditions, is typi-
cally more restrictive than the Daniels et al. (1980) load factor design equation (Eq. (5)).
However, for d /D > 1, the Daniels et zl. equation can be more restrictive than the (AASHTO

2001a) limits on D/t,,. The reader can verify these observations by assuming fi,,, = F = 345

MPa (50 ksi) under the maximum strength loading conditions along with Eq. (8), and comparing



the result to Eq. (5). By restricting the web slenderness based on Eq. (8), the 2001 Guide Speci-
fications (AASHTO 2001a) consider directly the effect of girder monosymmetry in limiting the
web slenderness that can be used in design. It should be noted that although Eq. (5) can be more
restrictive than Eq. (8) for d/D > 1, Egs. (1) and (2) still can be more critical than Eq. (5).

The current LRED Specifications (AASHTO 2001b) limit the web in straight I girders to the
elastic bend or shear buckling strength only under fatigue loading conditions. With further
research, it may be possible to liberalize the limits specified by the 200/ Guide Specifications
and by Daniels et al. (1980). For instance, it may be possible to avoid fatigue 1ssues by restrict-
ing the web stresses to the elastic buckling stress only under fatigue loading conditions up to
some curvature limit. However, combined shear and bending may need to be considered, e.g.,
by using a reduced value for the buckling coefficient as in Eq. (5), if fatigue issues are to be

addressed based on an elastic buckling limit under fatigue loading conditions only.

2.2 WEB REQUIREMENTS BASED ON STRENGTH

The issues associated with horizontally curved I girder web panels and maximum strength

include:

e The shedding of flexural stresses due to bend buckling type deformations of the curved web
panels.

e The distortion of thin webs associated with flange raking, and the resulting potential
reduction in the lateral-torsional stiffness and resistance.

e Shear buckling of curved web panels and the potential development of postbuckling tension

field action.
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e Potential interactions between the actions associated with the flexural and shear strengths.
For instance, it is possible that the shear capacity of a curved I girder could be reduced
because of the loss of lateral restraint and/or tension field anchorage from a compression
flange subjected to high vertical and/or lateral bending. Conversely, the vertical bending
capacity of an I girder might be reduced due to destabilization of the compression flange
associated with the buckling and/or postbuckling response of the web in shear.

e Bending of transverse stiffeners due to the tendency of the curved web to deflect outward,
for girders designed based on a web shear buckling limit, and due to potential additional
demands associated the development of postbuckling strengths, if tension field action is
utilized in the calculation of the design shear strength.

With respect to the first issue, Culver et al. (1972) show in Table 1 of their paper that, for
doubly-symmetric I girders, the reduction in the yield moment capacity M, due to web plate
bending 1s approximately the same as that predicted by Basler’s (1961) web load shedding
parameter for straight girders R,. White et al. (2001) performed a finite element parametric
study of a wide range of doubly and monosymmetric curved I girders with 2D /t,, values up to
208 and reviewed experimental tests with 2D /t,, up to 188. They proposed unified flexural
strength equations which involve a simple extension of current LRFD (AASHTO 2001b)
straight I girder strength formulas, and found that these equations adequately predict the maxi-
mum flexural capacities with the direct use of the current LRFD load shedding factor, Ry, (with
Fy used in the Ry, equation instead of f}, for simplicity of the design calculations).

Regarding the second issue, there is some evidence that transverse stiffeners can improve the
bending resistance of curved I girders (Mozer et al. 1970, 1971 and 1975; Nakai et al. 1984).

White et al. (2001) considered this aspect parametrically for girders with D/t,, = 160, and found



that the increase in the flexural resistance with decreasing d /D (for d,/D =1, 2 and 3) is notice-
able in some cases, but that it is generally small. However, they noted that the transverse
stiffeners were not attached to the tension flange in their analyses, and that the effects of close
stiffener spacing may be more significant for smaller D/t,, values. White et al. (2001) included
the effects of flange raking and the associated web distortion in their finite element parametric
studies. Overall, they found that their proposed flexural strength predictor equations are reason-
ably insensitive to potential increases in the flange lateral bending due to web distortion. Itis
believed that, in large part, this is due to (1) the use of the actual unsupported length L, within
the flexural resistance equations, rather than a smaller effective length, and (2) limiting the use of

these equations in members with sustained flange lateral bending moments to the length L,
where L, is the unsupported length associated with the transition from inelastic to elastic lateral

torsional buckling in the equivalent straight girder strength equations. This corresponds approxi-
mately to the limit on Ly/bpof 25 in (AASHTO 2001a).

The third issue is the primary subject of this research. Lee and Yoo (1999b) recently consid-
ered the strength of curved web panels subjected to pure shear loading, via finite element
analysis. Similar to Davidson (2000), they applied the web shear to isolated panels by shear
tractions along the four panel edges. Based on their studies, Lee and Yoo concluded that shear
strength models developed for straight I girders, including postbuckling resistance, are also ade-

quate for estimating the nominal strength of curved web panels when the curvature parameter

d2
0 (11)

1s less than or equal to one. This limit is the maximum value of ¢ considered in their studies;

also, ¢ = 1 was considered as a practial upper bound by Nakai (1981). Furthermore, Lee and



Yoo (1999b) found that the elastic shear buckling strength of curved girder web panels for practi-
cal I girder proportions is much higher than that associated with traditional shear buckling
equations based on equivalent flat plates with simply supported edge conditions. However, these
strengths are only slightly greater than those calculated using an equation suggested for straight
girder web panels by Lee et al. (1996). Lee et al. (1996) developed a simple set of formulas for
calculation of the web shear buckling coefficient, accounting for realistic restraint conditions
from the girder flanges. Bradford (1996) independently derived web shear buckling charts that
predict essentially the same shear strengths as the equations of Lee et al. Based on the research
by Lee and Yoo (1999b; 1998) and Leec et al. (1996), it is clear that the assumption that web pan-
cls are simply supported at all four edges is typically quite conservative in both flat and curved
web panels, particularly for panels with d /D significantly greater than one.

Regarding the postbuckling strength under pure shear, Lee and Yoo (1999) showed that
curved girder web panels with ¢ < 1 can support shear loadings well beyond the elastic buckling
limit, similar to the levels supported by straight I girder webs, despite the presence of out-of-
plane bending from the inception of the loading.

White et al. (2001) studied paramelrically the shear strength of complete curved I girders
with the same support and loading conditions as utilized in the experimental shear tests
addressed in this report. The results of their parametric study indicate that:

e The current AASHTO LRFD shear strength equations provide a reasonably good
characterization of the maximum shear strength for girders with D/t,, up to 160 and Ly/R <

0.10, even though Basler’s model is not very realistic in characterizing the physical shear

strength behavior.
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The accuracy of the AASHTO LRFD shear strength equations is improved by basing the web
shear buckling coefficient on the equations developed by Lee et al. (1996). Although the
strengths for slightly less than half of 133 girders considered in their parametric study are
overpredicted when the equations developed by Lee et al. (1996) are used for the shear
buckling coefficient in the LRFD shear strength formulas, the standard deviation of the ratio
between the predicted and the finite element based strengths 1s significantly reduced by the
use of the more refined shear buckling coefficient.

The shear buckling coefficient equations developed by Lee and Yoo (1996) provide an
accurate characterization of shear buckling loads obtained by elastic linear buckling finite
element analyses.

The typical increases in the web elastic shear buckling strength and decreases in the ultimate
shear capacity due to horizontal curvature are small compared to the effects of various other
factors that lead to variability in design equation predictions relative to experimental tests
and refined finite element models.

Based solely on maximum strength considerations, the maximum limit on transverse stiffener

spacing of d,/D = 3 in the AASHTO LRFD straight girder Specifications is also sufficient for

horizontally curved I girders with L /R < 0.10.

Of the shear strength equations considered by White et al. (2001), the AASHTO LRFD equa-

tions with the shear buckling coefficient calculated per the equations proposed by Lee et al.

(1996) give the most accurate predictions relative to refined finite element strength predictions.

In the interest of maintaining levels of simplicity similar to those of the current AASHTO provi-

sions, White et al. (2001) limited their study to formulas that do not require consideration of

girder flange proportions and flexural stresses. Therefore, they focused on the current
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(AASHTO 2001b) equations, the equations proposed by Lee and Yoo (1998a, b, 1999b), and the
current AASHTO equations modified by use of the Lee’s shear buckling coefficient formulas.
Chapter II of White et al. (2001a) provides detailed discussions of the concepts associated with
these different strength predictors, and discusses their individual strengths and limitations.

The fourth issue, potential interaction between web shear strength and the I girder flexural
capacity was also addressed in the parametric studies by White et al. (2001). These authors
found that curved I girder capacities can be predicted adequately by the combination of the
AASHTO (2001b) or modified AASHTO shear strength equations discussed above with flexural
resistance equations proposed in their research, without the need for consideration of any interac-
tion between these strengths. In fact, the flexural strength equations proposed in their research,
which include the effect of lateral flange bending due to any source (i.e., horizontal curvature as
well as applied loadings and torsion within curved and/or straight I girder bridges), tend to give
conservative predictions of the flexural capacity in cases involving high shear and high moment,
when the strength is controlled by flexure. This is not surprising once it is understood that the
combination of moment gradient (equal to the web shear force) and smaller flange lateral bend-
ing moments (because of the rapid reduction in vertical bending moment as we move away from
the maximum moment location, due to the high shear) tends to increase the flexural capacity in
high-shear high-moment loading cases. Also, the maximum moment occurs at a brace location
in the high-shear high-moment tests studied by White et al. (2001), as well as in typical cases of
high-shear high-moment in bridge structures.

In (White et al. 2001), the unsupported length and flange proportions in some of the girders
subjected to high-shear low-moment loadings (i.e., loaded such that an inflection point occurs at

the middle of the test segment) were such that significant lateral flange bending was evident at
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their maximum strength limit state. The strengths of these girders were adequately predicted by
the combined flexural and shear strength equations proposed by White et al. (2001), without any
requirement for consideration of moment-shear strength interaction. Also, White et al. (2001)
found that for girders in which the calculated resistance is controlled by the suggested shear
strength equations, the statistical distribution of the predicted to the finite element based
strengths is similar for high shear with high or with low bending moment. In girders controlled
by the proposed flexural strength equations, the strengths tend to be predicted more conserva-
tively for high-moment high-shear than for uniform vertical bending cases, 1.e., zero shear.

It should be noted that Nakai and Yoo (1988) and Fukumoto (1997) summarize high-shear
high-moment test results for horizontally curved I girders that indicate significant moment-shear
interaction. However, the strengths of these girders are predicted adequately with the equations
proposed by White et al. (2001), albeit the shear strengths are predicted conservatively in these
girders due to the fact that the AASHTO shear strength equations do not directly include a con-
tribution to the shear strength from the flanges. ***7lie above staiement needs to be verified***

The fifth issue listed above, failure of transverse stiffeners, was addressed originally by Cul-
ver et al. (1972¢) and Mariani (1973). These researchers studicd curved web panels under pure
shear analytically using the Donnell shell equation and the Galerkin method. They concluded
that the required stiffener rigidity for a curved web is less than that for a straight web if the panel

aspect ratio d,/D 1s less than 0.78. However, for 0.78 <d /D < 1, they found that the required

stiffener rigidity increases with the curvature by the ratio

= 1 (do jpd
X=1+—| —==-078|Z 12
1775 \D (13

where Z is a curvature parameter defined as
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l-v (13)

ford/D < 1. This study was limited to 0 < Z < 10. Tts design recommendations were limited to
d,/D < 1, although panel aspect ratios up to d,/D = 1.5 were considered. The limit of d,/D < 1
appears to be related to: (a) the fact that the AASHTO Standard Specifications in effect at the
time of the research limited the panel aspect ratios of transversely-stiffened straight I girders to
this value and (b) their study indicated that a function different than Eq. (12) would be needed
for d/D = 1.5. Their studies with girders having a d /D = 1.5 indicate that a maximum rigidity
of 2.4 times that required for the corresponding straight-girder web is necessary at Z = 5.0, but
that this required rigidity reduces to the same requirement as for transverse stiffeners in straight
girder webs as Z approaches 0.0 or 10.0. Equation (12) gives a required value of X = 2.24 for
d,/D = 1 and Z = 10, and therefore the maximum rigidity requirement determined in this research
for panels with d,/D = 1.5 was not significantly larger than that for d /D = 1.

Only the development of the web buckling strength was addressed in the above research;
web postbuckling behavior and its influence on the transverse stiffeners was not considered.
Equations (10) and (11) are adopted within the 200! Guide Specifications.

Based on analytical studies, Nakai et al. (1984b, 1985¢) developed a beam-column model to
estimate the strength of transverse stiffeners in curved I girders, including the influence of web
tension-field action. Their analytical results were compared to experiments conducted by Nakai
et al. (1984a), which led to a recommendation that the relative rigidity parameter {3, defined as
the ratio between the required rigidity of a transverse stiffener in a horizonally curved girder to

that in an equivalent straight girder, must be the following:
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For stiffeners attached to one side of the web plate:

1.0+ (a0 — 0.69)Z[9.380. — 7.07 — (1.490. — 1.78)Z] for 0.69<ax<1.0
p = (14)
1.0 for o < 0.69

and for stiffeners attached to both sides of the web:

_ A0+ (a—0.65)2][12.670 —10.42 — (1.990. - 2.49)Z] for 0.65<a<1.0 (15)
1.0 for a < 0.65

where a. = d/D.

Nakai and Yoo (1988) state that in deriving the above limits, the aspect ratio of the web
panel d/D is limited to a value less than or equal to one because the required rigidity of the
transverse stiffeners is too large for use in design practice unless this condition 1s imposed. Also,
they state that the same conclusion has been reached by Mariani et al. (1973). The (Mariani et
al. 1973) paper does not contain any evidence of this conclusion. For Z = 10 and o = 1.0, Eq.
(14) gives a required value for p of 15.3. Although this is a significant additional requirement
beyond that for transverse stiffeners in a straight I girders, these more stringent requirements can

often be met with reasonable stiffener proportions.
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CHAPTER III - TEST GIRDERS

Four curved I girder test components, labeled hereafter as S1, S1-S, S2 and S2-S, were fabri-
cated from AASHTO M270 Grade 345 steel. All the test girders had an total arc length of
11,580 mm (38 ft) and a doubly-symmetric cross section with nominally 544.5 x 22.2 mm

(21 7/16 x 7/8 in) flange plates curve cut and 1219 x 8 mm (48 x 5/16 in) web plates heat curved.
The radii R were 63,630 mm (208.75 ft) for S1 and S1-S and 36,580 mm (120 ft) for S2 and S2-
S. All the girders had four 229 x 25.4 mm (9 x 1 in) bearing stiffeners placed in pairs at 305
mm (1 ft) from their ends and at 3,660 mm (12 ft) intervals along their length. Dimensions of

these test girders are shown in Figure 1 and Figure 2 . The objectives of each of these tests are

summarized.
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Figure 1 Dimensions of test girders S1 and S2
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Figure 2 Dimensions of test girders S1-S and S2-S

Girder S1: The objective of this test was to examine the shear strength of a curved web panel
having an aspect ratio d,/D = 3, a ratio of the web panel length to the radius of curvature of d /R
= 0.0575, and a subtended angle between the cross frame locations of L/R = 0.0575, which is
slightly greater than one-half of the maximum value 0.10 permitted by the 2001 AASHTO Guide
Specifications. The web of this girder had only the four bearing stiffeners described above with-

out any intermediate transverse stiffeners between.

Girder S1-S: This girder was identical in length and curvature to S1, but had an additional 165
x 16 mm (6-1/2 x 5/8 in) intermediate transverse stiffener located at the center of each panel
between the bearing stiffeners. The intermediate transverse stiffeners were cut back 25.4 mm

(1 in) from one of the flanges, and were placed on the side of the web closest to the center of cur-

vature only. The resulting web panel aspect ratio for this girder was 1.5, and the value of d /R

was 0.0287. Although the above transfer stiffner has very reasonable proportions relative to the

girder geometry, it has moment of inertia about its edge in contact with the web plate of 52 times
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that required by the AASHTO LRFD (2000) Specifications. The stiffner requirements for curved
webs discussed in Chapter 2 do not apply for d,/D > 1.0.

Girder S2: This test girder was similar to S1 in that it only had bearing stiffeners at 3658 mm
(12 ft) intervals along its length and a resulting panel aspect ratio of d,/D = 3. However, this
girder differed from S1 in that it had a radius of 36 580 mm (120 ft), thus representing a case in

which Li/R = 0.10, the maximum subtended angle between the cross frame locations allowed by

the 2001 AASHIO Guide Specifications. The corresponding d /R for this girder was 0.10.

Girder S2-S: This girder was identical to S1-S, but with a radius of 36 580 mm (120 f1). There-

fore, its normalized dimensional parameters were d /D = 1.5, d /R = 0.050 and L, /R = 0.10.
Table I presents a matrix of nondimensional test parameters associated with these four tests,

including the parameters ¢ and Z given by Eqgs. (11) and (13), calculated using the nominal thick-

ness t, = 8 mm (5/16 in). It can be observed that the value of ¢ for all but one of these designs is
significantly greater than one. This is due to the use of large panel aspect ratios d /D and web

slenderness D/t relative to current practice, as reflected in the 200/ Guide Specifications and in

Nakai (1981).
Table 1 Summary of 'test girder nondimensional parameters.
Girder L,/R d,/D dy/R c= d02f8R(W. [ P d02 J'I 2 /Rt
S1 0.0575 3 I 0.0575 331 25.3
|
S1-S 0.0575 1.5 | 0.0287 0.83 6.3
S2 0.10 3 || 0.1000 5.76 44.0
$2-S 0.10 .5 | 0.0500 1.44 | 11.0
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3.1 MEASURED DIMENSIONS

The top and bottom flange widths and thicknesses were measured at seven locations along
the length of the test girders using a precision caliper. These measurements were taken adjacent
to each of the four bearing stiffeners, and at the middle of each of the three unsupported lengths.
The flange thicknesses were measured at the flange tips on each side of the web at each of these
locations, giving a total of 14 thickness measurements for each flange. The web thicknesses
were measured with an ultrasonic time-of-flight device at the same seven locations as above, and
at approximately 1/3 and 2/3 of the web height, giving a total of 14 web thickness measurements
for each girder. The web thickness measurements from the ultrasonic device were checked ver-
sus direct measurements using a precision caliper at three locations through the web depth at
both ends of the girders. The ratio of the average web thickness measured by the ultrasonic
device and by the caliper for these 24 locations was 1.007. The web depths were measured with
a tape at the ends of the girders and at each of the interior bearing stiffener locations. The total
girder depth, including the flange thicknesses, was measured at the centerline of the flanges at
the girder ends. This depth was measured at the flange tips on each side of the web at the inte-
rior bearing stiffener locations, and the total depth at the centerline of the flanges was then
estimated by taking the average of these two depths. The depth of the web plate D was then cal-

culated by subtracting the average flange thickness measured at each of these locations from the

total depth.



The data from the above cross-section measurements are summarized in Table 2. The
flange widths by at the girder ends were consistently about 1.5 mm (0.06 in) smaller in Girders
S1 and S1-S and about 5 mm (0.20 in) smaller in Girders S2 and S2-S than the average of the
flange widths measured at the other locations. Therefore, the end measurements for the flange
widths are not included within the statistics reported in the table.

The radial distance from a straight chord between the tips of the flanges closest to the center of
curvature at the locations of the end bearing stiffners and the corresponding tip of the flanges at
the mid-length of the test girders is reported and compared to its nominal value based on the
specified radii in Table 3. This distance was estimated by pulling a wire taught between the
flange tips at the locations of the end bearing stiffners, and then measuring the distance from this
wire to the closest flange tip at the girder mid-length by a scale. In addition, the corresponding
radial distances from a straight chord between the flange tips at the locations of the interior bear-
ing stiffners are reported in the table.

Lastly, Table 4 shows the values for the maximum out-of-flatness of the web relative to a
straight chord between the top and the bottom of web panel. These imperfections were esti-
mated by placing a straight edge between the top and bottom of the web in a vertical position at
various locations along the length, and measuring the gap between the straight edge and the web
panel with a scale. The ratio of these out-of-flatness values to the web thickness, and to the max-
imum value permitted by the AWS Bridge Welding Code (AWS 1995) in interior girders with
one-sided stiffeners, (equal to d/67 where d is the least panel dimension), are also shown in the

table.
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Table 2 Mezasured cross-section dimensions

Girder

S1

S1-S

S2

S52-5

Average
COV (%)
Maximum

Median
Minimum

N

Average
COV (%)
Maximum

Median
Minimum

N

Average
COV (%)
Maximum

Median
Minimum

N

Average
COV (%)
Maximum

Median
Minimum

N

D
(mm)

1217
0.08
1218
1217
1216
4
1218
0.04
1218
1218
1217
4
1217
0.08
1218
1217
1216
4
1217
0.05
1218
1217
1217
4

tw
(mm)
8.53
0.78
8.64
8.53
8.46
14
8.46
1.02
8.61
8.43
8.31
14
8.31
0.60
8.38
8.31
8.23
14
8.23
0.51
831
8.23
8.18
14

Top Flange ; Bottom Flange
by [ I by te
(mm) | (mm) (mm) | (mm)
546.6 22.99 546.4 23.04
0.15 0.22 0.09 0.25
| 5479 23.06 546.9 23.14
464 | 2301 546.4 2301
5456 | 22.89 ;__545.6 22.94
| s 4 s 14
546.4 2291 546.9 22.96
0.05 025 | 011 | 050
5466 | 2299 | 5479 | 2316
546.1 22.94 5469 | 22.94
| 546.1 22.81 546.4 22.76
LM T EE 14
| ss723 | 2283 | sse8 | 2276
016 | 033 0.26 0.24
5583 | 2299 | ssss 22.83
557.0 | 2283 | 5568 9276
556.5 2273 | 5545 | 2263
I N ... 4
556.3 281 | 5565 22.81
024 021 | o2 0.29
557.5 22.94 558.0 2291
556.8 | 22.83 556.5 22.83
5547 22.68 555.0 22.68
s ] uw | s 14
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Table 3 Measured and nominal distances from the straight chords between the flange tips closest
to the center of curvature at locations 1L and 1R and 2L and 2R and the corresponding flange tips

at the mid-length of the girders

.'_':_.__.'_'_‘__._.i_._—.___..__.___.___..__.__ e

| Radial distance froml Radial distance from
\ chord between 1L & 1R | chord between 2I. & 2R
Girder [ measured | nominal measured nominal
g (mm) (mm) | (mm) (mm)
S1 I
S1-S |
s2 | ]
I: |
s2-8 | _f ,_

Table 4 Maximum initial web out-of-flatness

Eilrdier | Out-—oﬂﬂal;i;;;_‘ 8, I 3, -
8, (mm) fi : (d/67)
sl T 300 | 0352 0.165
S1-S 3.00 0.339 0.158
S2 5.00 0.602 0.275
S2-S | 8.00 | 0872 | 0440

3.2 MATERIAL PROPERTIES

The material properties of the steel used for fabricating the components were determined
from tensile coupon tests conducted in accordance with ASTM E8-00b (ASTM 2000). The four
flanges for S1 and S1-S were cut-curved from one 2,896 x 13,260 mm (114 in x 43.5 ft) plate,
and the four flanges for S2 and S2-S were cut-curved from another similar plate. Three 305 x
610 mm (12 x 24 in) coupon samples were cut from each of these plates, one at each end at the

centerline radius of the four flange cut outs, and one at the centerline of the ordered plate length
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pons was oriented tangent to the arc of the flange plates a the ends, and in the long direction of
the plate, i.e, in the primary mill rolling direction, a the centerline. The webs of SI and SI-S
were cut from a 1,830 x 24,540 mm (72 in x 80.5 ft) plate, and the webs of S2 and S2-S were
cut from another similar plate. Six 305 x 610 mm (12 x 24 in) web coupons were taken from
each of these plates, two a each end, and two on the bottom side of the plate at the center of the
overal length. At each of these locations, one of the coupons had its long direction aligned with

the long direction of the ordered plate, which was the primary mill rolling direction, and one was

cut with its long direction a 90° to this orientation.

Three plate-type rectangular tension specimens were prepared from each of the above cou-
pons per ASTM E8-00b (ASTM 2000). The specimens v/ere 38.1 mm (1.5 in) wide and had a
203 mm (8 in) gage length. From these coupons, atotal of 12 and 8 tests were conducted for the
web and flange plates of girders SI and SI-S, respectively, and atotal of 18 and 9 tests were
conducted for the web and flange plates of girders S2 and S2-S, respectively. The coupons were
loaded under displacement control at the rate of about 0.02 mm/second up to a strain level
dightly higher than that at the onset of strain hardening. The strain rate was then increased to
approximately 0.09 mm/second throughout the remaining part of the test. The upper and lower
yield strengths were determined by the autographic diagram method defined in ASTM E8-00b.
In the mgjority of the tests, the SSRC Technical Memorandum No. 7 procedure (SSRC 1998)
was utilized to determine static yield strengths. In this procedure, the test was interrupted by
stopping the cross head motion when the strain reached avalue corresponding to approximately
0.2 % offset. This condition was maintained until the load stabilized, and the lowest value of the

load and the corresponding strain was recorded. Straining was then resumed at the post-yield



