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EXECUTIVE SUMMARY

High Performance Steel, in particular HPS70W, has been used in hundreds of bridges
across the United States. A large percentage of these bridges have used the HPS in the
form of hybrid girder designs. Bridge studies have shown that the most beneficial use of
HPS70W (70 ksi) is in the flanges of hybrid girders with 50 ksi webs. One limit with
hybrid girder design, which decreases the beneficial aspects, is that tension field action
(TFA) is not allowed when determining the shear capacity. This is a severe shear
capacity penalty for using hybrid girders. Limiting hybrid shear capacities to the shear
buckling capacity results in more transverse stiffeners required (closer spacing) for a
hybrid girder than that for a homogeneous girder. This not only increases material costs,
but significantly increases fabrication costs.

The objective of this research is to validate the tension field action behavior in hybrid
plate girders. The goal is to allow TFA in hybrid girders resulting in more economical
design of steel bridges.

The work conducted for this research covers several topics in tension field action and
moment-shear interaction of plate girders. The first effort concentrated on the original
shear capacity theoretical derivations and the differences in using hybrid girders. In
addition, two series of tests were designed and tested to determine the hybrid girder shear
capacity and study the tension field behavior of homogeneous and hybrid girders. Series
I test specimens were homogeneous and hybrid girders tested under high shear and low
moment conditions. Series II test specimens were designed and tested to study the effect
of moment-shear interaction. Finally, an array of practical bridge designs was developed
to study the benefit of allowing TFA in hybrid girders.

This report includes a thorough presentation of tension field action and moment-shear
interaction in plate girders, and in particular hybrid plate girders. It presents a
comprehensive presentation on the test girders with a detailed analysis and examination
of the test behaviors.

There are a few important results that may improve the design of hybrid steel girder
bridges. Hybrid steel girders exhibit tension field action according to current AASHTO
shear capacity provisions. Using the original moment-shear interaction derivations, this
research has produced a theoretical lower-bound moment-shear interaction equation for
hybrid girders that is equivalent to the current AASHTO moment-shear interaction
requirement for homogeneous girders. However, the results of the experimental tests and
analytical studies have also shown that there is no moment-shear interaction for these
plate girders. The girders all demonstrated that the capacities exceeded expectations and
that a moment-shear interaction reduction is not necessary.
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Chapter 1 - Introduction

1.1 Problem Statement

With the advent of HPS70W steel (High Performance Steel with yield strength of
70 ksi), hundreds of bridges have been built using HPS. The AASHTO LRFD
Specifications (1998) have been updated to allow HPS70W steel in bridges. Studies have
shown that the current design specifications are adequate for HPS70W and the issues of
ductility and buckling are sufficiently considered (Barth et al. 2000). Therefore, bridges
have been built, and many more will be built, with HPS7T0W material. A majority of
these bridges will use hybrid girders.

Hybrid steel girders were a popular choice for bridge girders in years past. Using
50 ksi material for the flanges with a lower cost 36 ksi web material yielded more
economical results while still maintaining flexural capacities near a homogeneous 50 ksi
girder. Since that time, the cost gap between the two strength materials dwindled and the
economic benefit of hybrid girders vanished. However, with High Performance Steel,
hybrid design has become a common practice again. Bridge studies (Barker and Schrage
2000) have shown that the most beneficial use of HPS70W (70 ksi) is in the flanges of
hybrid girders with 50 ksi webs.

One limit with hybrid girder design, which decreases the beneficial aspects, is that
tension field action (TFA) is not allowed when determining the shear capacity. The
reasoning is that, in hybrid girders, the web yields near maximum moment, which may
affect the tension strut assumed for TFA. This is a severe shear capacity penalty when

using hybrid girders. Limiting hybrid shear capacities to the shear buckling capacity
1



results in more transverse stiffeners required (closer spacing) for a hybrid girder than that
for a homogeneous girder. This not only increases material costs, but significantly
increases fabrication costs.

Tension field action is a type of shear behavior observable in transversely
stiffened girders. The slender web of a plate girder may buckle under applied load, after
which it can no longer resist shear in the traditional beam manner. Additional applied
shear beyond the shear buckling capacity of the web can be resisted through tension field
action, which includes formation of a tension strut diagonally across the buckled web
panel. This tension strut anchors to the transverse stiffeners and flanges that border the
shear panel, and the magnitude of vertical shear resistance is taken to be the vertical
component of the tension strut. The tension field action contribution to shear capacity
depends on the stiffener spacing, but can typically be equal in magnitude to the shear
buckling capacity. The total shear capacity of a stiffened girder is the sum of the shear
buckling capacity and the tension field action capacity. Thus, the use of tension field
action can significantly increase the shear design capacity of the girder.

A major concern with hybrid girders is that the lower strength web material may
yield before the nominal moment capacity of the girder is attained. The web yielding
problem leads to concerns about the ability of tension field action stresses to achieve
sufficient anchorage through the yielded web material. There has been little research
performed on this topic, so tension field action shear capacity is not allowed in the design
of hybrid plate girders according to AASHTO’s (1998) Load and Resistance Factor
Design (LRFD) design code, and the design shear capacity of hybrid girders is limited to
the shear buckling capacity. Limiting the shear capacity of hybrid girders often results in

2



the use of thicker web panels and additional transverse stiffeners to increase the design
shear capacity of the hybrid girder. The ultimate result is a less economical hybrid

design.

1.2 Research Objective

The objective of this research is to validate the tension field action behavior in hybrid
plate girders. The goal is to allow TFA in hybrid girders resulting in more economical
design of steel bridges. Using thicker webs or extra transverse stiffeners would no longer
be necessary to obtain the required shear capacity, which would save material and labor
costs, as well as reduce weight and decrease the number a fatigue details on the girder.
The use of hybrid design can result in shallower girder depths, which will require less
material and labor costs for bridge approaches. The ultimate result of allowing tension
field action shear capacity to be used for hybrid design is the ability to achieve less
expensive, more efficient projects without sacrificing quality or safety.

Tension field action certainly does occur in transversely stiffened hybrid plate
girders, especially in situations where the flexural stresses are relatively low. If flexural
stresses are low, then there is no web yielding in the hybrid girder, and the tension field
should be no different than conventional homogeneous girders. However, as flexural
stresses increase and web yielding is possible, there may be some reduction in tension
field action capacity. The interaction between bending moment and shear capacity is also

investigated in this research.



1.3 Research Content

The work conducted for this research covers several endeavors. These topics will
be presented in this report as described in Section 1.4. The first effort concentrated on
the original shear capacity theoretical derivations (Basler 1961a) and the impact of using
hybrid girders. Proposed lower bound shear capacity procedures were developed that
represent the equivalent AASHTO equations for hybrid girders (Barker et al 2002, Hurst
2000). Hurst (2000) reformulates the original derivations to account for hybrid design
and develops new proposed moment-shear interaction equations.

Two series of tests were designed (Hurst 2000) and tested to determine the hybrid
girder shear capacity and study the tension field behavior of homogeneous and hybrid
girders. Series I test specimens were homogeneous and hybrid girders tested under high
shear and low moment conditions. Results from Series I testing are published in two
separate theses (Schreiner 2001, Rush 2001). Schreiner’s thesis documents the testing
procedure and verifies that the hybrid girder’s shear capacities were accurately predicted
by AASHTO’s current tension field action design equations. Rush’s thesis interprets the
experimental data and compares it to tension field action theory, concluding that tension
field action stresses are present in hybrid girders and reasonably predicted by theory.

Series II test specimens were designed and tested to study the effect of moment-shear
interaction. Results from Series Il testing are published in two separate theses (Zentz
2002, Davis 2002). Davis’ thesis documents the testing procedure and compares the
hybrid girder’s shear capacities to AASHTO’s current and Hurst’s proposed tension field

action moment-shear interaction equations. Zentz’s thesis interprets the experimental



data and compares it to tension field action theory, concluding that hybrid girders are
capable of developing tension field action stresses predicted by theory.

Finally, Goessling (2002) studied an array of practical bridge designs to study the
impact of allowing TFA in hybrid girders. The study included two- and three-span
bridges with varying span lengths, number of girders (girder spacing) and web
slenderness ratios. The results are presented in terms of number of transverse stiffeners

required with and without tension field action.

1.4 Results

This research, in conjunction with research at Georgia Tech (Aydemir 2000) found
that tension field action shear capacity is fully applicable to hybrid girders. The
AASHTO shear capacity equations are accurate for hybrid girders and that there is not a
moment-shear interaction for any plate girder, whether homogeneous or hybrid.
Allowing tension field action in hybrid plate girders and removing the moment-shear
interaction for all plate girder designs would be a major advancement for steel bridge

design.

1.5 Report Organization

This report will begin with background information concerning hybrid plate
girders, tension field action theory, and moment-shear interaction in Chapter 2. A
summary of the original derivation of the currently accepted tension field action theory
will be followed by presentation of AASHTO’s (1998) Load and Resistance Factor
Design shear design capacity equations. Chapter 2 also presents Hurst’s (2000)

derivation of a lower bound moment-shear interaction equation, in AASHTO format, that
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considers hybrid action in plate girders. Although the final results show there should not
be any moment-shear interaction, the proposed hybrid moment-shear interaction is
presented to demonstrate the moment-shear interaction theory and to give a conservative
lower bound for moment-shear interaction in hybrid designs.

Chapter 3 presents the Series I & II test specimens, the test set-up, testing procedures
and theoretical experimental results for the test girders. Emphasis is placed on the Series
II tests since they constitute the most important part of this work. The Series I tests, high
shear and low moment, were expected to show applicable tension field action and the
results are a basis for the Series II tests. The Series II tests, the moment-shear interaction
tests, provide the important conclusions and results for this study.

Chapter 4 presents the experimental test analyses. Again, the Series II tests are
emphasized due to their importance. The experimental shear capacities from the Series 1
tests have been shown to be comparable to those calculated by the current AASHTO
tension field action design equations (Schreiner 2001). To validate the tension field
action behavior, the experimental capacities and stress responses were compared to
tension field action theory (Rush 2001). The Series II tests are examined in detail in
Chapter 4. The experimental shear capacities were found to be adequately predicted by
current AASHTO tension field action design equations (Davis 2002). The experimental
stress behavior and tension action behavior is also shown to correspond with theory
(Zentz 2002). Chapter 4 includes an impact section that describes the savings that can be
realized using tension field action in hybrid plate girders and removing the moment-shear
interaction for all plate girders (Goessling 2002).

Chapter 5 presents the results and conclusions of the research efforts.
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Chapter 2 - Tension Field Action

2.1 Introduction

The purpose of this chapter is to provide background information on the shear
strength of hybrid plate girders subject to concurrent shear and bending. Plate girders
and hybrid steel design are introduced, followed by current shear design equations. A
brief derivation of the shear design equations is given, and limitations of the current shear
design equations concerning hybrid plate girders are discussed. Moment-shear
interaction is explained and the current interaction equations presented, along with a
summary of the original derivation. The original derivation is modified to accommodate
hybrid girders. Finally, a proposed lower-bound moment-shear interaction diagram for

hybrid girders will be presented.

2.2 Hybrid Plate Girders

Plate girders are I-shaped steel girders built-up from flanges and webs cut from
steel plates and welded together. They are commonly used when the available hot-rolled
W-shapes are inadequate for a given span and loading. Currently, plate girders are
commonly used for bridges, but can also be used for special-purpose buildings where
long spans or high loadings are present. When properly designed and implemented, plate
girders are very efficient and cost-effective flexural members.

For any I-shaped section, the flanges provide the majority of the moment capacity
while the web provides shear resistance. Moment capacity of plate girders can be

increased by increasing the girder depth, increasing the amount of steel used in each
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girder, or by improving the properties of the steel. However, using additional steel
increases the self-weight of the girder as well as the total steel costs. Indirect costs, such
as costs due to larger bridge approaches, can also arise by increasing the depth of the
girder.

Improving steel properties is a way to increase moment capacity without
additional girder weight or depth. High Performance Steel (HPS) has higher yield
strengths than conventional steels, thus conventional flexural members can be replaced
by smaller HPS members. However, there is currently a cost premium associated with
HPS, so homogeneous HPS sections are often uneconomical. Barker and Schrage (2000)
have shown that using a combination of conventional steel web and HPS flanges (hybrid
design) can be more economical than homogeneous sections of either 50 or 70 ksi steel.
The higher yield strength HPS flanges increase moment capacity while using the less
expensive conventional steel web saves material costs.

Plate girders are designed with slender webs in order to minimize material costs
while maintaining the distance between flanges. Web instability is a concern whenever
slender webs are used, so transverse stiffeners are welded to the web to increase capacity.
The transverse stiffeners, if properly spaced, create larger web buckling capacity and

allow for the development of tension field action shear capacity.

2.3 Shear Capacity

The shear capacity of a transversely stiffened plate girder is composed of two parts:
the shear buckling capacity and the post-buckling shear capacity. Theoretically, a

transversely stiffened plate girder initially resists shear in a beam type manner up to a



shear load level called the shear buckling capacity. Once the applied shear reaches the
shear buckling capacity, it is assumed that the web buckles and additional applied shear is
resisted through a post-buckling phenomenon known as tension field action (TFA) until
the nominal shear capacity of the plate girder is reached. The following discussions
explain the theory behind each mode of shear resistance, the capacities associated with
each mode, and give the current AASHTO design equations for shear capacity of

transversely stiffened plate girders.

2.3.1 Shear Buckling Capacity

As a transversely stiffened plate girder is loaded with vertical shear loading, an
element at the neutral axis theoretically experiences a state of pure beam shear stress, as
shown in Figure 2-1(a) below. The principal stresses for this element lie on a plane that
is inclined 45° from the horizontal. These principal stresses are a normal tensile stress on
one diagonal and a normal compressive stress on the other diagonal. As the load is
increased, these principal stresses increase. When the shear load reaches the shear
buckling capacity, the slender web buckles between transverse stiffeners due to the
diagonal compressive stress. This is the upper limit of the shear buckling capacity of

transversely stiffened plate girders.

DI
1L /<>\
@

Figure 2-1. Neutral Axis Stresses



The shear buckling capacity used in AASHTO’s LRFD (1998) design code is given as:
V. =C-V, Equation 2-1

Where:

V. = shear buckling capacity

C = ratio of shear buckling stress to shear yield strength

For elastic buckling:

1.52 E-k
C= e Equation 2-2

(o)

YW
Where:

E = modulus of elasticity of the material
Fyw = yield stress of web material

D = web depth

tw = web thickness

5 Equation 2-3

Where:

do = transverse stiffener spacing

V), = plastic shear capacity = 0.6A,Fyy Equation 2-4

Where:

Ay, = cross sectional area of web
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2.3.2 Post-Buckling Shear Capacity

When the shear load on a transversely stiffened plate girder exceeds the shear
buckling capacity, the web buckles under diagonal compressive forces. The buckled web,
theoretically, cannot support any additional diagonal compressive forces, so a new load
resisting mechanism resists additional shear loading. This phenomenon is called tension
field action. Diagonal tensile forces form a tension band across the web, which anchors to
the flanges and transverse stiffeners in opposite corners of the web panel, as shown in Figure
2-2. The vertical component of this tension band is responsible for the post-buckling vertical
shear capacity of transversely stiffened plate girders. The tension field action mechanism can

be easily visualized by comparing it with that of a Pratt truss (see Figure 2-3).

Y,

Figure 2-2. Diagonal Tensile Stresses Anchor to Corners of Shear Panel

PRATT TRUSS

STIFFENED PLATE GIRDER

I

Figure 2-3. Pratt Truss / Tension Field Action Comparison
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The post-buckling shear capacity, Vs, used in AASHTO’s 1998 design code is given as:

0.87-(1-C) Equation 2-5
tha = Vp T/

1+(d%j2

The full shear capacity of a transversely stiffened plate girder is given by the sum of
the elastic shear capacity and the post-buckling shear capacity:

V. =V_+V, Equation 2-6

Where:

V, = nominal shear capacity of transversely stiffened plate girder

2.3.3 Basler’s Shear Capacity Derivation

The current AASHTO design code equations relating to the shear capacity of
transversely stiffened plate girders are based on research by Basler (1961a). A brief
summary of Basler’s derivation follows.

Basler initially assumes the ultimate shear force of a transversely stiffened plate
girder can be described as the product of the plastic shear force and a nondimensional
function depending on the following parameters: stiffener spacing, web depth, web thickness,
yield stress, and modulus of elasticity. In mathematical form:

vV, =V, -f(dO,D,tw,Fy,E) Equation 2-7
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Where:

V, = ultimate shear force

V,, = plastic shear capacity

f = nondimensional function
do = transverse stiffener spacing
D = web depth

tw = web thickness

Fy = yield stress of the material

E = modulus of elasticity of the material

The plastic shear force is described as “the shear force for which unrestricted yielding
occurs” and is similar in concept to the plastic moment used in plastic analysis (Basler
1961a). The plastic shear force is calculated as the product of the shear yield stress and the
cross-sectional area of the web.

The Hencky — von Mises yield criterion is used to determine the shear yield stress, 1.

For the case of yielding under pure shear, 6, = -5, = Ty, where ¢ and o, are the major and

minor principal stresses, respectively. In this case, the yield criterion gives 1y = %_ as
3

shown in Figure 2-4.
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Figure 2-4. Von Mises Yield Criterion

The plastic shear force becomes:

1 Equation 2-8
V,=1,Dt, =—=FEDt, =0.58EDt,

p \/5 y

Basler assumes that during tension field action behavior, a uniform tension field of
magnitude ¢ acts on the web’s cross-section, inclined at some angle ¢ from the horizontal as

is shown in Figure 2-5.
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V = ¢ D-ty-cos(d)-sin(d)

Figure 2-5. Basler’s Assumed Tension Field

The vertical component of this tension field is found to be:

V=0,Dt, cos(9)sin(o) Equation 2-9

Where:
V = vertical shear force due to inclined tension field
o¢ = magnitude of tension field stresses

¢ = inclination of tension field from horizontal

The maximum shear force occurs when ¢ = 45°, which yields:

1 Equation 2-10

In order for any tension field to be effective in resisting vertical shear, proper

anchorage must be provided. For the assumed uniform tension field across the entire surface
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of the web, anchorage would have to be provided by the flanges in both the horizontal and
vertical directions. However, the flanges lack the flexural rigidity to provide anchorage in
the vertical direction, so a partial tension field must be assumed. Like the previous uniform
tension field, the partial tension field has stresses of magnitude o oriented at an angle ¢ from
the horizontal. The partial tension field is assumed to have a bandwidth, s, such that only the

transverse stiffeners provide vertical anchorage.

do
b g
A
—} AV,
D AV = o¢s-ty-sin(¢)
v ¢

Figure 2-6. Basler’s Assumed Partial Tension Field

The tension field bandwidth, measured perpendicular to the inclination of the stresses, can be
expressed as:

s((j)) =D- cos(¢)— d, - sin(¢) | Equation 2-11

Where:
s = bandwidth of partial tension field, a function of ¢

The vertical shear force resulting from the partial tension field is expressed as:

AV, =0, s-t,sin(0) Equation 2-12

16



Where:
AV = vertical resultant shear force from partial tension field

Or, by substituting Equation 2-11 into Equation 2-12:

AV, =g, Fsin2h)- % 1-cos)

As the applied shear stresses continue to increase, the bandwidth associated with the

partial tension field must increase. This means that the inclination of the tension field must
decrease. At some point there is an optimum contribution of AV, to the shear force V.
Basler assumes that failure of the plate girder occurs when the AV, reaches a maximum
value. In order to find the inclination of the tension field at the ultimate shear load, Equation

2-13 is differentiated with respect to ¢ and set equal to zero, as follows:

i(AVG) ~0 Equation 2-14
d¢

Which yields:

o.t,(D-cos(2¢)-d, - sin(24))=0 Equation 2-15

Neither the tension field stress nor the web thickness is zero, so

D-cos(20)—-d, - sin(2¢)=0 Equation 2-16

Simplifying Equation 2-16 yields:
17



Equation 2-17
tan(2¢) = aD— 1

0
Equation 2-17 shows that the angle 2¢ is equivalent to the angle between the panel
diagonal and the horizontal, as shown in Figure 2-7. Using that relationship, the following

quantities are readily obtained:

Equation 2-18
sin (2¢) _ 1 : quation
1+ (d%))
d 0 Equation 2-19
COS(Zd)) = _____/D____

14 [d%)z

do

2¢

Figure 2-7. Shear Panel Diagonal
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Next, Basler assumes a succession of web panels subject to a constant shear force, as
shown in Figure 2-8. A free body diagram (Figure 2-9) is taken by making cuts at A, B, and
C. Along cut A, the web is subjected to an unknown resultant, which is decomposed into a
normal force, F,,, and a shear force component. The shear component is V4/2 due to
symmetry. Flange force Fralso acts at section A. Similar force components act at cut B,
except the flange force changes by an amount AF;. At section C, the tension field stresses, o,
act at an inclination of ¢, which is defined in Equation 2-17. Vertical stiffener force F; also
acts at cut C. Solving the system statically will yield an expression for V, the ultimate shear

force due to the partial tension field.

F, +AF,

Figure 2-9. Assumed Free Body Diagram
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Considering horizontal equilibrium of the free body:

. sin(2 Equation 2-20
AF; =—o,t,d,sin(9) cos(p) = —ot,d, (24)
Summing moments around point O:

Vv, -d, Equation 2-21

AF, =

D

Equating Equation 2-20 and Equation 2-21, and substituting Equation 2-18 for sin(2¢) yields:

1 Equation 2-22

et D won;

Equation 2-22 gives the vertical component of the tension field that occurs after web

buckling. Shear is resisted in a beam-type manner prior to web buckling, and the vertical
component of the tension field resists additional shear forces beyond the web-buckling load.
So, the ultimate shear capacity of the plate girder is due to both beam action (V) and tension

field action (V5), and the ultimate shear load can be expressed as:

V =V Equation 2-23
u

Tim

N +V,

max

Basler then makes two assumptions in order to compute these components of shear
capacity. The first assumption is that the superposition of the beam and tension field
components is ultimately limited by the state of stress that fulfills the von Mises yield

criteria. The second assumption is that, prior to web buckling, applied shear is resisted
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purely in a beam-type manner, but after that, V. remains constant and any postbuckling
contribution to shear capacity must be due to tension field action. Therefore, the maximum

beam-type shear resistance must correspond to the shear stress that will cause web buckling:

T, Equation 2-24
VT :Vcr =TC1’ 'D.tW :Vp T

Ty

The shear buckling stress, taken from plate buckling theory, is given as:

2. E t 2 Equation 2-25
1, =k- U
12~i1——v ) D

Where:
v = Poisson’s ratio

k = shear buckling coefficient

Where:
Equation 2-26
k=534+—20  fordyD>1 R
dO
D
Equation 2-27
k=400+—22_ fordyD<1 e
d()
D

Using the first assumption, the maximum tension field stress, 6, can be computed.
This is the stress that can be added to the state of stress at web buckling that will fulfill the
yield criteria. For an element at the neutral axis, the state of stress at web buckling is pure

shear and Ty, = T, as shown in Figure 2-10(a).
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Special attention must be given to coordinate systems for this discussion. Subscripts
x and y will be used to denote the fixed coordinate systems referring to the beam’s horizontal
and vertical axes, respectively. The u-v coordinate system is obtained by rotating the x and y
axes counter-clockwise by an angle ¢. Therefore, the u-axis corresponds with the line of
action of the tension field stresses. At the critical buckling load, Txy = Ter, Which can be

expressed in u—v coordinates as:

G, =T, -Sin(Z(I)) Equation 2-28
c, ==T, -Sin(zd)) Equation 2-29
Ty = To -cos(2¢) Equation 2-30

These stresses are shown on the u-v axes in Figure 2-10(b).

y A A

__;Txy = Ter

(a) (b)

Figure 2-10. Neutral Axis States of Stress
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After web buckling, the beam-type contribution to shear resistance is assumed to
remain constant. At ultimate shear load, the maximum tension field stress, oy, acts on the

element in addition to the stresses present at web buckling (see Figure 2-10(c) ). Expressed

in u—v coordinates, these stresses are simply:

G, =T, ~sin(2¢)+ C, Equation 2-31
G, =-T, -Sin(2¢) Equation 2-32
T, =1, -cos(2¢) Equation 2-33

From these equations, it can be seen that the compressive stresses along the v-axis as
well as the shear stresses in the u-v plane remain constant after web buckling. This
phenomenon 1s observed when plotting these states of stress on Mohr’s circle (Figure 2-11)

as point v theoretically remains constant following web buckling.

4
"s
T
V3 L
: Tuy
_O> G .
B O oy 'c B
20\
=Ter u
Y
Y
(a) Web Buckling Condition (b) Yield Condition

Figure 2-11. Mohr’s Circle for Neutral Axis Element
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Substituting the ultimate state of stress described in the above equations into von Mises’
yield criteria:

. +62 -6, -0, +312, _Fyz =0 Equation 2-34

The following solution is obtained:

2 ) 4 .

The ultimate shear load is computed using Equation 2-22, Equation 2-23, and Equation 2-24.

Equation 2-36
vV =V_. Ta +_\/__§_&___1______

P g 2 F 2
y y 1+(d%)j

Where o/Fy is given by Equation 2-35.

In order to simplify the computation, Basler approximates the von Mises yield
condition with a linear function. For any state of stress between pure shear and pure tension,
only a small portion of the yield criteria ellipse is needed (see Figure 2-12). This portion is

then approximated with a straight line with the following equation:

o, =F + (\/g - 1)- c, Equation 2-37
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Pure Tension

Pure Shea

Figure 2-12. Yield Criteria Simplification

For the limiting case of ¢ = 45°, o, from Equation 2-31 and o, from Equation 2-32 become
principal stresses: 6| = T, + oy and 6, = -1, Substituting these values into the approximated

von Mises yield criteria from Equation 2-37, we obtain:

G Equation 2-38

Ot 1 tu

Basler states that using Equation 2-38 instead of Equation 2-35 even when ¢ is not
equal to 45° will be conservative since the approximate method underestimates the tension
field stress, and the underestimation increases as ¢ decreases. A lower value of ¢

corresponds to a panel with a larger aspect ratio, do/D. In order for panels with large aspect
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ratios to develop tension fields, larger shear displacements are required than those required
by shear panels with smaller aspect ratios. Therefore, this approximation is not only a way to
simplify computations, but also to provide an allowance for compatibility conditions for
longer shear panels (Basler 1961a).

The ultimate shear force can be calculated from Equation 2-36 and Equation 2-38 as:

1_TCI

Tcr \/g Ty

V =V . _— ¥ Equation 2-39

¢ P it 2 / 2
y d
1+(°D)

2.3.4 AASHTO’s Tension Field Action Provisions

Basler’s tension field theory has been adopted by AASHTO (1998) LRFD for design.
For comparison, the design equation as published in AASHTO Article 6.10.6 for determining
the total shear capacity of a transversely stiffened plate girder is:

Vv o 0.87-(1-C)

s 1+[d%)2

Equation 2-40

with C = to/1y

AASHTO places three limitations on the tension field action provisions to ensure that
they are properly applied. First, tension field action shear capacity is not allowed in the
design of end panels of plate girders. The tension field anchors to the flanges and stiffeners
in opposite corners of the shear panel, and since end panels do not have an adjacent shear

panel one on side to anchor to, it is believed that the tension field cannot properly anchor to
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the flange. Thus, without proper anchorage, the tension field cannot fully develop in end
panels of plate girders.

The second limitation is that tension field action shear capacity cannot be used for

2

260
N
1:W

This is to ensure that the dimensions of the plate girder are reasonable and will permit the

design if: 4y >
D

development of a tension field. This restriction keeps the shear panel from being too long,
which would reduce the angle of inclination of the tension field, making the vertical
component of the tension field negligible.

Finally, the third restriction imposed by AASHTO is that tension field action shear
capacity may not be used for the design of hybrid plate girders. Hybrid plate girders
inherently experience web yielding due to flexural stresses at high moment. When a hybrid
girder is subjected to flexure, portions of the web are likely to yield prior to yielding of the
flanges, since the flange material has higher yield strength than the web material (see Figure
2-13). This presents a potential anchorage problem for the tension field stresses. The
primary concern is whether the tension field can properly anchor to the flanges and stiffeners
through the portion of yielded web material near the flanges. Since a high shear load must be
present in order to produce tension field stresses, and a high moment loading must be present
to yield the web, this concern is applicable to areas with high-shear, high-moment loading.

On a bridge, this is typically for continuous girders over interior piers.
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Girder Cross-Section Flexural Stress Distribution Girder Side Elevation

Figure 2-13. Web Yielding in Hybrid Girders

For those instances, where the use of tension field action is disallowed, the girder is
restricted to the shear buckling capacity. The shear buckling capacity can typically be on the
order of about half of the full shear capacity utilizing tension field action. While the first two
of the three restrictions are straightforward, it seems counter-intuitive that a hybrid girder that
uses higher strength flanges would have about half the shear capacity of a homogeneous
girder of the same dimensions. To continue this investigation, the next section explores the
current moment-shear interaction theory as well as a proposed moment-shear interaction

curve for hybrid plate girders.

2.4 Moment-Shear Interaction

[t is possible that the maximum bending moment and maximum shear occur at the

same location in a girder. In order to ensure that a given cross section is not expected to
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resist its full moment capacity and full shear capacity concurrently, moment-shear interaction
reductions are included in current design practice (AASHTO 1998).

The accepted moment-shear interaction theory in AASHTO’s 1998 design code is
also based on research performed by Basler (1961b). A brief summary of Basler’s derivation
and results will be presented here, followed by the actual interaction curve as published by
AASHTO. Also, a recently proposed (Barker et al 2002) lower-bound interaction diagram

for hybrid girders will be presented.

2.4.1 Basler’s Interaction Diagram

Basler begins his moment-shear interaction derivation by defining several reference

moments, assuming a symmetrically proportioned girder (see Figure 2-14).

YYVVVV-

Figure 2-14. Basler’s Reference Moments

The flange moment, My, is the moment carried by the flanges alone when fully yielded.

M; = F,-D-A, Equation 2-41

Where:

My = flange moment
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Ar= cross sectional area of one flange
The yield moment, My, is characterized by yielding at the centroid of the compression flange,

and has a linear flexural stress distribution.

AW AW
M, :Fy~D-(Af+-6—j=Af-Fy-D~(l+6

] Equation 2-42
f

The plastic moment, M, is the moment resistance provided by a fully yielded cross section.

A Equation 2-43
M, =F, ~D-(Af +—lj
4

In the following discussion, the applied moment, M, will be referred to in terms of the
yield moment, My, by means of the proportion M/My. This is necessary to give meaning to
the magnitude of the applied moment by comparing it with the girder’s moment carrying
capacity, as well as to simplify the discussion by using nondimensional quantities. The
applied shear, V, will be expressed in terms of the ultimate shear force, V,, in the proportion
V/V, for the same reasons. These ratios will be referred to as the relative (or normalized)
moment and shear.

Basler’s ultimate shear force is based on a web fully yielded in shear, and can be
expressed as:

V =D-t_-t.=A_-71 Equation 2-44
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Basler then creates a chart, plotting M/M, vs. V/V,,. If the applied bending moment is
small, the girder can reach it’s full shear capacity, or V/V, = 1. If the applied shear is
maintained at this level and bending moment is increased, the flanges can resist all of the
bending moment up until the flange moment, M. This is shown in Figure 2-15 as the
vertical line at V/V, = 1, for 0 < M/M, < M¢M,. One should note that this derivation
assumes the flanges are properly braced in the lateral direction such that they are capable of

reaching the yield stress.

M
MY
M‘
M, -
MY
1.0 —
M, —
vall =

l | I |
1.0

<)<

Figure 2-15. Basler’s Moment-Shear Interaction Curve

Now, assume that the applied shear on the beam is small. In this case, the maximum
moment the girder could experience is the plastic moment, M,,. Basler notes that the only
portion of the interaction curve where bending moment affects shear capacity is between the
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flange moment, My, and the plastic moment, M, so any interaction curve should pass through
those points. Also, since a small shear force would have little effect on the moment carrying
capacity of the girder, the interaction curve should be perpendicular to the M/My axis as V/V,
tends toward zero. Basler suggests the following interaction curve equation:

(vjz M- M,
S ik
V,) M, -M,

n

Equation 2-45

This equation assumes a stress distribution in which a central portion of the web is
yielded in shear and resists no moment. The flanges and outer portions of the web are
yielded due to flexural stresses and do not resist shear. This distribution is shown below in

Figure 2-16.

Normal Stress Shear Stress

Figure 2-16. Basler’s Assumed Stress Distribution for Interaction
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The height of the central “effective” portion of the web resisting shear is hyy, and it

provides the following shear strength:

"= Equation 2-46
\'A —hWy 1,0 T, quation

Where:
Vi’ = shear capacity of central portion of web

hwy = height of central portion of web yielded in shear

Dividing Equation 2-46 by Equation 2-44 and rearranging yields:

' Equation 2-47
h :[}_@].D

The remainder of the web and the flanges are resisting bending moment and carrying no
shear. The moment capacity provided by these portions of the cross section is:

‘ D? -k Equation 2-48
Mn :Af .Fy .D.|_tw .Fy ‘(_—wy_]

4

Substituting Equation 2-47 into Equation 2-48 and rearranging yields:

A V' 2 Equation 2-49
M;lef‘Fy'D' 1+4AW {1—(\/“}]
f

n
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Substitution of Equation 2-42 into Equation 2-49 gives:

(N2
A A%
14— 1—( “J
4A, A Equation 2-50

AW
1+
6A

It becomes obvious with Equation 2-50 that Basler’s interaction curve is based on the ratio of

Aw/As. Basler goes on to plot the interaction curve for various values of Ay/Ay, noting that
most reasonably proportioned girders are in the range of A,/Af< 2. Using a value of 2 for

Ay/Ay, the following equation is obtained:

n

. N Equation 2-51
M, =1.125-0.375- Y,
M \Y

y

Equation 2-51 is then solved for 3 points to define the final curve (see Figure 2-17). First,
setting the shear to zero, the value of relative moment is calculated as 1.125. Next, setting

the relative shear to 1.0 yields a relative moment of 0.75. Finally, setting the relative

moment equal to one, the relative shear is calculated to be 1/V3 ~ 0.6. Often, the geometry of

a plate girder does not allow the plastic moment to be attained. In this case, part of the

interaction curve will be cut off at the yield moment where M/M, = 1.0.
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Figure 2-17. Basler’s Moment-Shear Interaction Curve with Critical Values

2.4.2 AASHTO’s Interaction Diagram

AASHTO has adopted a modified form of Basler’s moment-shear interaction diagram
for use in steel plate girder design. While Basler uses the yield moment, My, as the reference
moment, AASHTO?s relative moment is taken in reference to the nominal moment capacity
of the girder, M,,. The nominal moment capacity of a plate girder is less than or equal to the
yield moment, hence this is a conservative modification.

Another modification is the reference shear force. Basler’s ultimate shear force is a
“plastic” shear force; the cross sectional area of the web multiplied by the shear yield stress.

AASHTO’s interaction curve uses the nominal shear capacity of the girder including tension
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field action as the reference shear. The nominal shear capacity of a plate girder is less than
or equal to the plastic shear force of the slender web panel, so this modification is also
conservative.

Since AASHTO uses the nominal moment capacity as the reference moment, the
relative moment is limited to a value of 1.0. This ensures that the moment capacity is not
exceeded, even at low shear loading. This modification also makes the interaction curve
easier to use, by replacing a large part of the curve with a straight line.

Finally, AASHTO notes that the remaining portion of the curve is nearly linear, and it
would be conservative and convenient to replace it with a straight line. So, the curve is
replaced with a straight line between the points where the curve formerly intersected the

limiting values of relative shear and moment (see Figure 2-18).

M
M,
A

1.0

0.75

%
. v
0.6 1.0 Vi

Figure 2-18. AASHTO’s Moment-Shear Interaction Diagram
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For application in design and analysis, the interaction diagram is reduced to one
simple equation, sometimes referred to as the “R equation”. When M, 2 0.75¢:My, the

nominal shear capacity is reduced by the factor R, which is calculated as:

Mr -M, Equation 2-52

M, -0.75-¢, -M

R=0.6+04-

M

Where:

¢r = resistance factor for flexure = 1.0
M, = factored flexural resistance = ¢sM,
M, = factored applied moment

M, = bending moment that initiates yielding of outermost fibers of flange
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Note: V, represents shear capacity if TFA applicable

Note: Shear buckling capacity varies with girder dimensions

Figure 2-19. Hybrid Girder Moment-Shear Interaction Restriction
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As discussed in Section 2.3.4, AASHTO does not allow tension field action shear
capacity to be used in the design of hybrid plate girders. This results in a large part of the
moment-shear interaction diagram being unavailable to hybrid girders (see Figure 2-19).
While there may be justifiable concern for areas subjected to high shear and high moment
loading, the penalty as concerning the interaction diagram is very conservative. Consider a
hybrid plate girder that is subject to a high shear loading but small bending moment. This is
the situation for a simply supported bridge girder near an abutment. In this case, there is no
concern for web yielding, so tension field anchorage would not be a problem. The girder
should be able to attain its full shear capacity, including tension field action. The Series I
tests (Schreiner 2001 and Rush 2001) demonstrate TFA is applicable to hybrid girders
subject to low moment. The Series II tests and analyses (Zentz 2002 and Davis 2002) show
that tension field action is also applicable to hybrid girders subject to high moment. Hurst
(2000) developed a lower-bound conservative moment-shear interaction equation for hybrid

girders as is shown in the next section.

2.4.3 Proposed Hybrid Moment-Shear Interaction Diagram

With the intent to make hybrid designs more economical by utilizing tension field
action, and therefore reducing the required number of transverse stiffeners, a new moment-
shear interaction diagram has been derived to accommodate hybrid girders. The interaction
curve was developed using Basler’s original interaction equations and modifying them to
account for yield strength differences between the web and flanges (Hurst 2000). A brief

summary of Hurst’s derivation follows.
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First, a ratio of the yield strengths of the flanges and web is defined:

F Equation 2-53
B= 5
F

yw

Where:
Fy¢ = flange yield strength

Fyw = web yield strength

Figure 2-20. Reference Moments for Modified Basler
Theory

Like Basler’s derivation, some reference moments (Figure 2-20) are now defined.
The maximum bending moment that can be carried by the flanges alone is called the flange
moment, and denoted My. Approximating the distance between flange centroids as the web
depth, D, the flange moment can be expressed as:

M, =A; F;-D=A;-B-F,-D Equation 2-54
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The yield moment, denoted My, is defined as the moment that initiates yielding of the
centroid of the compression flange. Since we are dealing with a hybrid girder with Fy,, < Fyg,
the web will yield before the flange yield moment is reached. In order to account for the
nonlinear stress effects of web yielding, AASHTO’s hybrid reduction factor, Ry, is applied
here.

M, =R, -S,-F;=R,-S -B-F, Equation 2-55

Where:

Sx = section modulus ~ A, -D+ AW6' D

Substituting the approximated section modulus into Equation 2-55:

A j Equation 2-56
f

M, =Af-D-B~wa.Rh-(1+6AW

Once again, a stress distribution is assumed such that a central portion of the web is
yielded due to shear stress and cannot resist any flexure. The remainder of the cross
section is yielded due to flexural stresses and provides no resistance to shear (see Figure

2-21).

40



Fye
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Figure 2-21. Assumed Stress Distribution for Modified Basler Theory

Through calculations identical to those leading up to Equation 2-47, the height of the

central portion of the web is again found to be:

V' Equation 2-57
h ( o

The nominal moment capacity of the girder, which includes no contribution from the central

portion of the web, is calculated to be:

2 2 Equation 2-58
i D hWy
M, =A;-B-F, D+t - = Bt ‘F,

Substituting Equation 2-57 into Equation 2-58 and rearranging yields:
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N2
M, =F, -A;-D:[B+ Ay 1—(\/"]
4A; \A Equation 2-59

Substituting Equation 2-56into Equation 2-59 gives:

A, Al
Bl oa- 11- v Equation 2-60
, f n
M. =M, -

n y
B'Rh ' 1+ AW
6A,

Again, assuming a practical upper limit of A,,/A¢= 2, Equation 2-60 becomes:

(N2
B + l . 1 B ( Vn J
2 Vi Equation 2-61

n y' 4
E'B'Rh

Equation 2-61 then simplifies as:

. 3 1 v 2 Equation 2-62
L= A1+ —=1-=2
M, 4R, 21 Vv

y n

<

Equation 2-62 is the final equation for the proposed “Modified Basler Interaction
Curve” proposed by Hurst. This is the hybrid equivalent of Basler’s interaction equation,
given as Equation 2-51. The curve for 50-70 ksi hybrids is plotted below in Figure 2-22,

along with the original Basler interaction curve for comparison.
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Figure 2-22. Modified Basler Interaction Curve for 50-70 Hybrid Girders

Hurst (2000) then examined the interaction equation for varying steel
combinations and linearized the interaction diagram for convenience (see Figure 2-23).
The maximum moment is again limited to the nominal moment capacity. Similar to the
current interaction diagram, the hybrid interaction diagram limits the applied moment to
75% of the nominal moment capacity when the applied shear is equal to the nominal

shear capacity.
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Figure 2-23. Modified Basler Interaction Diagram for General Hybrid Girders

The difference between the proposed hybrid interaction diagram and the currently
accepted homogeneous interaction diagram is apparent when the applied moment is taken
to be equal to the nominal moment capacity. At this load level there is a concern for web
yielding, and the normalized shear cannot attain the same level as that of a homogenous
girder (V/V, = 0.6). Through a study of reasonable steel combinations, a value of VIV, =
0.45 was selected as conservative and adequate as a limit when M/M,, = 1.0. For use in
design and analysis, the reduction equation in AASHTO for hybrid girders could be

expressed as:

_ Equation 2-63
R:O.45+O.55-[ M, —M, }

M, =0.75-0, -M,
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When M, > 0.75¢gMy, the nominal shear capacity of the hybrid girder is reduced by the

factor R, as calculated above, to account for moment-shear interaction.

2.5 Summary

The necessary background information concerning the strength of plate girders
subject to concurrent shear and bending has been presented, along with the limitations
imposed by AASHTO concerning hybrid girders. These limitations are believed to be
over-conservative, so a new moment-shear interaction curve for hybrid girders was
presented. In the following chapters, experimental testing to validate the proposed
interaction curve is documented. The test setup and procedure will be explained in the

next chapter.
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Chapter 3 - Test Specimens and Theoretical Behavior

3.1 Introduction

Hurst (2000) outlined the experimental tension field action test setup, which is
designed to demonstrate tension field action in and the moment shear interaction behavior
of hybrid girders. In order to verify TFA and validate AASHTO’s or Hurst’s proposed
hybrid moment-shear interaction curve, several tests are required with varying levels of
applied shear and bending moment. The designed tests plot on Hurst’s interaction
diagram as shown in Figure 3-1. Tests 1 — 3 (two identical test 3 were planned, labeled
3a and 3b) are designated as Series I tests, described in Section 3.2. The remainder of the

tests are referred to as Series I and are described in Section 3.3.

Test 7 Tests Tests 6 and 8
(0.4,1.0} (0.7, 1.0} (1.0, 1.0

Test 4
(1.0, 0.8)

MM,
Test 1
{0.43,1.0)
Test 2
(0.41,1.0)
Test 3
(0.32, 1.0)

VIV,

Figure 3-1. Target Moment & Shear Ratios for Test Girders
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The test girders are designed as Yz-scale plate girders that represent reasonable
plate girder proportions. All of the test girders are of the same cross-sectional
dimensions, shown in Figure 3-2. Each girder has a shear test panel with an aspect ratio
of 1.5, which is designed to be the weakest shear panel in the girder to ensure failure at
that location. The aspect ratio of 1.5 was chosen so that the tension field action
contribution to shear capacity is approximately equal to the shear buckling capacity of the
girder. The individual girders for the Series I and Series II tests will be discussed in their

respective sections of this chapter.

lq=%”

£ :

t, = V&" ol

D =35

< »
br=8 %"

Figure 3-2. Test Girder Cross Section
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3.2 Series I Test Specimens

The objective of the Series I tests was to demonstrate that tension field action shear

capacity is applicable to hybrid girders subject to low moment-high shear loading. In

order to validate the experiment, the same setup and instrumentation was used to test both

homogeneous and hybrid girders. Four girders were included in Series I testing: two

identical 50-70 hybrid girders, one homogeneous 50 ksi girder, and one homogeneous 70

ksi girder. All four girders had identical dimensions and instrumentation.

Loading
Diagram

Shear Force
Diagram

Bending
Moment
Diagram

2P P
A
Test Panel 357
A 4
4 3
S22 21 T 21 15wl 52 7 5% p 217 T 21 12t
P 2P
-p
42P

-42P

Figure 3-3. Series I Testing Configuration
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The Series I test setup was designed to produce a state of low moment-high shear
in the centrally located test panel. To achieve this loading, a reversed four-point bending
loading diagram was selected (see Figure 3-3). Two pairs of hydraulic actuators were
used to apply loads to the ends of the test girders. One pair of these actuators was hung
from a steel load frame, while the other pair of actuators was mounted on the structural
strong-floor of the testing facility. A cylindrical steel roller bearing mounted on a
concrete pedestal provided the upward reaction shown on the loading diagram. Another
steel roller bearing mounted on a “hold-down” beam provided the downward reaction.

The hold-down beam was hung between two steel load frames, as shown in Figure 3-4.
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Figure 3-4. Series I Testing Structure
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Instrumentation of the test girder included bondable linear and rosette strain
gauges to record strains experienced by the girder. String potentiometers, or string pots,
were used to record lateral web deflections in the test panel throughout the test. The
actuators used to apply load to the test girders are equipped with load cells to record
applied load, as well as LVDT’s to record deflection of each actuator. As the
instrumentation of the Series I girders is identical to that of the Series II girders, a
description of the test apparatus and instrumentation will be presented in the Series II
Sections 3.3.2 and 3.3.3.

Series [ testing was performed in the spring of 2001 at the University of Missouri’s
Remote Testing Facility (RTF). Results from Series I testing are published in two
separate theses (Schreiner 2001, Rush 2001). Schreiner’s thesis documents the testing
procedure and verifies that the hybrid girder’s shear capacities were accurately predicted
by AASHTO’s current tension field action design equations. Rush’s thesis interprets the
experimental data and compares it to Basler’s (1961a) tension field action theory,
concluding that tension field action stresses are present in hybrid girders and reasonably
predicted by Basler’s theory. Note that these results only apply to low moment-high
shear loading. The more general case of combined shear and bending is investigated
herein with the Series II tests.

This chapter and Chapter 4 will concentrate on the Series II (tension field action
with moment-shear interaction) in the detailed presentation and anlyses. The Series II
tests demonstrate the behavior that justify the results and conclusions. Only the overall
results of the Series I tests will be presented. The Series I test results and detailed
analyses are contained in Schreiner (2001) and Rush (2001).
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3.3 Series II Test Specimens

The objective of the Series II tests is to investigate tension field action behavior in
hybrid plate girders subject to combined shear and bending. Six test girders were
constructed and tested at the University of Missouri’s Remote Testing Facility. The tests
are designated Tests 4 — 8 on Figure 3-1, with two identical girders for Test 6, referred to
as Tests 6a and 6b. The following discussion will address the test girders, test design,
and instrumentation.

Series II testing was performed in the spring of 2002 at the University of Missouri’s
Remote Testing Facility (RTF). Results from Series II testing are published in two
separate theses (Zentz 2002 and Davis 2002). Davis’ thesis documents the testing
procedure and verifies that the hybrid girder’s shear capacities were conservatively
predicted by AASHTO?’s current and Hurst’s modified tension field action design
equations. Zentz’s thesis interprets the experimental data and compares it to Basler’s
(1961a and 1961b) tension field action theory, concluding that tension field action and
moment-shear interaction stresses in hybrid girders are reasonably predicted by Basler’s

theory. Note that these results apply to moment-high shear interaction loading.

3.3.1 Test Girders

All Series II test girders are designed with the test panel adjacent to a central
bearing stiffener, as shown in Figure 3-5. Excluding the test panel, each girder uses a
short transverse stiffener spacing to ensure that the test panel is the weakest shear panel

in the girder.
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Figure 3-5. Series II Testing Configuration

In order to achieve varying levels of bending moment at the test panels of the six
girders, the moment arm from the actuator to the test panel was varied. Unlike the
girders used in the Series I tests, Series II girders are not all the same length. Appropriate
lengths were chosen to achieve the levels of normalized shear and moment prescribed by

Hurst (2000). These lengths and other girder specifications are given in Table 3-1.
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Table 3-1. Series II Girder Specifications

Girters | Graer | e [ Tt | &
4 I’;gl_’;i)d 0.8 1.0 | 65
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7| T 0 | 04 |20
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Figure 3-6. Series II Short Girder Setup
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3.3.2 Test Design

The general test setup for Series II testing includes two pairs of hydraulic
actuators hung from steel load frames, a cylindrical steel roller bearing mounted on a
concrete pedestal, and lateral bracing. General test setups for short and long girders are
shown in Figure 3-6 and Figure 3-7, respectively.

Each of the load frames consist of two W14x132 columns, connected near the top
by two specially designed cross beams. Three load frames are used for the Series II tests,
along with up to two pairs of diagonal braces for stability. These load frames are
fastened into the RTF’s structural strong-floor. The strong-floor is an isolated, four-foot
thick, steel-reinforced concrete slab with threaded steel tie-down holes on a four-foot grid
pattern. Each tie-down hole has a rated uplift capacity of 120 kips.

The general setup remains the same for all of the Series II tests, but since the

lengths of the test girders vary, the setup must to be lengthened or shortened accordingly.
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This is accomplished in two steps: moving entire load frames, and moving only actuators.
The north pair of actuators are mounted on a single steel load frame with diagonal braces.
This load frame, along with the actuators, can be lifted with an overhead crane and
moved in increments of 4 feet (the tie-down spacing of the strong-floor). Moving the
south actuators makes finer length adjustments to the test setup. Each of these actuators
is mounted to a heavy steel beam that spans two load frames, as shown in Figure 3-6 and
Figure 3-7.

Four hydraulic actuators are used to apply loads to the test girders. Each actuator
has a rated capacity of 110 kips under static loading. The actuators are equipped with
load cells and LVDT’s to record load and displacement data for each actuator. Since the
load required to fail the test girders is approximately 200 kips, the actuators are grouped
into pairs by fastening a stiffened steel “spreader beam” across the swivel heads of the
actuators. Load from the pair of actuators is then transferred to the test girder through the
spreader beam as shown in Figure 3-8. The actuators provide the downward forces
shown on the loading diagram (see Figure 3-5).

The upward reaction force shown on the loading diagram is provided by a steel
roller bearing mounted on a reinforced concrete pedestal. The pedestal may be moved to
accommodate any length of test girder. Besides serving as a mount for the bearing, the
pedestal also provides lateral bracing at the bearing location. Two sliding steel sections,
one on each side of the girder, clamp the girder into place by resting against the bearing
stiffener near the compression flange (see Figure 3-9). The clamping sections are left in a

“loose-fit” situation to ensure they only resist lateral load.
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Figure 3-9. Lateral Bracing at Concrete Pedestal.
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Lateral bracing was provided to all test girders at the actuator locations. The
actuator lateral bracing not only needs to provide lateral support, but it also has to allow
vertical displacement. This is accomplished by using horizontal brace members between
the test girder and the load frame, with rollers on the outer end of the braces. Upper and
lower braces are provided at each end of the test girder. The upper lateral bracing system
consists of two braces, one on each side of the girder, as shown in Figure 3-8. The upper
braces fasten to the spreader beam on the actuators, and steel clips bolted to the braces
clamp the test girder in place. The lower lateral brace is a single piece with rollers on
each end. This brace is clamped directly to the test girder using steel clips like those used
on the upper bracing. The lateral bracing is tight-fit in the load frame, with the rollers
bearing on steel plates supported by the load frame.

While the lateral bracing provided only at loading points is sufficient for the
shorter test girders, additional lateral bracing is required for the two longer girders. For
this purpose, special intermediate lateral braces were installed. The intermediate braces
resemble C-clamps turned on their backs (see Figure 3-10). The braces are fastened to
the strong-floor using the floor’s tie-down holes. The braces then fasten to the
compression flange of the test girder using sliding steel clamps. Lubricated bearing
plates allow vertical and axial deflections of the girder while restricting lateral

movement.
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Figure 3-10. Intermediate Lateral Bracing used for Long Test Girders

3.3.3 Instrumentation

In order to record the behavior of the test girder during testing, the test setup
included several types of instrumentation. As noted in Section 3.2, the instrumentation
used for Series II testing is identical to that of the Series I tests. In addition to the
actuators’ load cells and LVDT’s mentioned in Section 3.3.2, other types of
instrumentation were installed to provide more data on the tension field action behavior

of the test girders.
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To detect anchorage of tension field action stresses, bondable linear strain gauges
are installed on flanges and transverse stiffeners. Linear strain gauges, shown in Figure
3-11, are used to provide strain data along the axis of the strain gauge, so they are well
suited for use when the direction of the strains is known and constant. However, linear

gauges provide information along the axis of the gauge only.

Figure 3-11. Linear Strain Gauge

More complete strain information is required for the web panel, so bondable
rosette strain gauges are used to record strain data from the web. Rosette strain gauges
consist of three linear strain gauges arranged such that a complete state-of-strain can be
inferred from the data. Several types of rosette gauges are available, but rectangular
rosettes were selected for this application. These gauges consist of three linear gauges
arranged such that one gauge is aligned with the axis of the rosette and the other gauges
are rotated 45° above and below the first gauge (see Figure 3-12). The rosette strain

gauge provides information on the complete state of strain in the plane of the gauge.
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Figure 3-12. Rectangular Rosette Strain Gauge

In order to track the out-of-plane distortion expected due to web buckling, six
string pots were attached to the web panel. The string pots are mounted on a frame that is
attached to the test girder’s flanges. This eliminates erroneous web deflection data due to
relative displacements between the web panel and the string pot.

Out-of-plane effects regarding strain gauges are resolved by mirroring the strain
gauge placement on either side of the test panel. By averaging the data taken from
gauges on either side of the test panel, out-of-plane effects due to web buckling can be
eliminated.

Strain gauge and string pot locations are shown in Figure 3-13 for the east face

and Figure 3-14 for the west face of the test panel.
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Figure 3-14. Strain Gauge and String Pot Locations on West Face of Test Panel
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3.4 Summary of Test Specimens

Tension field action and existing and proposed hybrid moment-shear interaction
diagrams are to be verified by two series of tests. Series I tests investigate the presence
of tension field action stresses in hybrid plate girders subject to low moment-high shear
loading. Series 1I tests will determine the tension field action behavior of hybrid plate
girders subject to combined shear and bending. Using the testing procedures and data
from the instrumentation described in this chapter, the validity of TFA and moment-shear

interaction will be demonstrated.

3.5 Theoretical Data Analysis
3.5.1 Introduction

The purpose of this section is to describe in detail the process used to interpret the
experimental data collected from Series II testing. In order to give meaning to the
experimental data, theoretical stress values are calculated for reference against the
experimental stresses. The theoretical stresses are calculated using Basler’s (1 961a)
tension field action theory as outlined in Chapter 2. Experimental stresses are calculated
from strain data recorded during testing. The methods used to calculate theoretical and
experimental stresses will be shown in detail and example calculations given. Using the
methods outlined in this chapter, the theoretical and experimental stresses will be
compared in Chapter 4 to determine the effectiveness of tension field action in hybrid

plate girders subject to concurrent bending and shear.
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3.5.2 Theoretical Stress Analysis — Series IT Tests

Stresses theoretically experienced by the test girders are computed using classical
engineering theories along with Basler’s tension field action equations. Using the test
setup dimensions given in the previous sections and reproduced in Figure 3-15, the
applied shear and moment can be calculated as a function of applied load for any point
along the test girder’s length. From the shear force diagram, note that the applied shear at
every location in the test girder is always equal in magnitude to the applied load. For the
location of the test panel:

V==-P Equation 3-1

The bending moment diagram shows that the applied moment is always negative
and peaks at the central bearing stiffener with a value of =PL. In order to determine the
bending moment at a distance x from the central bearing stiffener, the following equation
may be used:

M(X) =-pP. (L - X) Equation 3-2

Equation 3-1 and Equation 3-2, along with classical beam theory, provide the
relationships necessary to express the theoretical elastic stresses as functions of applied

load.
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Figure 3-15. Series II Testing Configuration

3.5.2.1 Elastic Stresses

According to Basler’s tension field action theory, the girder is assumed to resist
loading in a beam-type manner prior to web buckling. Classical beam theory is used to
express the theoretical stresses present in the test girder as a function of applied load, P.
The flexure formula provides the normal stresses, oy, introduced to the girder due to
bending. The linear flexural stress distribution is shown in Figure 3-16. The distance
from the neutral axis, y, is defined to be positive when directed downward from the
neutral axis. This results in a sign convention in which tensile stresses are positive and

compressive stresses are negative.
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Figure 3-16. Theoretical Flexural Stress Distribution

The flexure formula is:

M-y Equation 3-3

Where:
I = strong axis moment of inertia
Substituting Equation 3-2 into Equation 3-3:

_-P-y- (L - X) Equation 3-4
o I

o
Equation 3-4 is used to express the flexural stress for any given location on the

test girder as a function of applied load. Similarly, the shear stress formula can be used

to express the theoretical shear stress, T4y, at any location in the test girder as a function

of applied load. The theoretical shear stress distribution is shown in Figure 3-17.
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Figure 3-17. Theoretical Shear Stress Distribution

The transverse shear stress formula is:

V-Q Equation 3-5

T
YTt

Where:

Q = first moment of area about the neutral axis

t, (D> 5] bet D
=Xl ——y° |+ D+t for |y|<—
2oy o) <
t = thickness of girder cross section at distance y from neutral axis

Substituting Equation 3-1 into Equation 3-5:

I P-Q Equation 3-6
T It

Equation 3-6 gives the theoretical shear stress as a function of applied load for

any given location on the test girder. Note that, according to the shear force diagram
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(Figure 3-15), this equation is valid only for the half of the girder containing the test
panel; the sign is reversed for the other half of the girder.

From the theoretical normal and shear stresses calculated above, the principal
stresses can be computed. Using the equation of Mohr’s circle, and taking into account
that the vertical normal stress, Gy, is theoretically zero, the principal stresses are:

Equation 3-7

2 Equation 3-8

o, =E2i— {%"—j +1y,

Where:

61 = major principal stress

G, = minor principal stress

The orientation of the major principal stress from the x-axis is given as:

1 21 Equation 3-9
0, =——" tan'l(l) if o is a tensile stress

2 c,

Equation 3-10

6 =90° 1 tan 2Ty if 54 is a com i
ol = X pressive stress
o

X

0,1 is defined as the angle from the x-axis (longitudinal axis of girder) to the plane of the
major principal stress. Positive angles are counter-clockwise, negative angles are
clockwise.

The complete theoretical state of stress at any given level of loading prior to web

buckling can be defined either with x-y coordinate stresses or with principal stresses and
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inclinations. The relationship of the x-y plane to the principal plane is best visualized by

plotting them together on Mohr’s circle, as in Figure 3-18.

4 x-y plane
u-v plane
Y Principal plane
v
- GV
b /2(0a-9)
X
2¢ 2901

Figure 3-18. Relationship of Stress Planes

The theoretical stresses discussed in this section are limited to the elastic, or pre-
buckling, load levels. The upper limit of elastic behavior is called the shear buckling

load, V¢, (see derivation in Section 2.3.3). Basler’s shear buckling load is calculated as:

T Equation 3-11
VCr = Vp Ji® &

Ty

Recall from Basler’s derivation that the shear buckling load is the level of applied

shear that produces the shear buckling stress, t.;, which is sufficient to buckle the slender
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web due to diagonal compression. As stated in Section 2.3.3, the state of stress of an

element at the neutral axis at the shear buckling load is pure shear and:

2
n-E w

T, =T, =Kk- || =
vl 12-(1—v2i(D

t )2 Equation 3-12

The state of stress described above is shown in Figure 3-19(a). This state of stress can be

equivalently expressed in u-v coordinates, shown in Figure 3-19(b) and calculated as:

6, = 1, -sin(2¢) Equation 3-13

o, =-T, -sin(2¢) Equation 3-14

Ty =Ty -COS(2¢) Equation 3-15
yﬂ

>y

Figure 3-19. Neutral Axis States of Stress

In order to convert stresses on the u-v plane to the principal plane, the following

equations may be used:
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+ 2 Equation 3-16
() [¢) G, —~0O
o, = “2 AN (“2 V) +12,

+ 2 Equation 3-17
& &) G, —O
G, = u Vo [ u vj + Tiv

The angle from the u-v plane to the principal plane is expressed as (051-9), where

051 s the angle from the x-y plane to the principal plane and ¢ is the angle from the X~y

plane to the u-v plane, as shown in F igure 3-18.

Equation 3-18
(ecl —(b): ‘ltan—l( ZIUV j lfcu = Oy
2 G, ~0,
Equation 3-19
6, -¢)= 45°——1—tan“[ 2T, J ifo, <o,
2 c,—0,

3.5.22  Postbuckling Stresses

Equation 3-12 gives the value of the maximum shear stress that an element at the
neutral axis will experience prior to web buckling. Following web buckling, the state of
stress caused by the shear buckling stress on the v-axis is assumed to remain constant
while tension field action stresses begin to form in the web in the direction of the u-axis,
which is rotated an angle ¢ from the x-axis. The maximum magnitude of tension field
action stress derived by Basler and stated in Section 2.3.3 as Equation 2-35 is:

o =F,- 1+[%] -[@-Sm(zq))] —3J—§-%-sin(2¢)

y

Equation 3-20



The tension field stress, oy, is the stress required to fulfill the von-Mises yield criterion
when added to the shear buckling stress. When expressed in u-v coordinates, o, can be

directly added to the normal stress o, resulting in the following state of stress, shown in

Figure 3-19(c):

G, =T, -Sin(2(j))+ o, Equation 3-21
5, =-1, -sin(2¢) Equation 3-22
Ty =Ty -cos(2¢) Equation 3-23

Note that Equation 3-20 gives only the maximum tension field stress. Basler’s
tension field action theory does not specify how the incremental tension field stresses
develop in the web (i.e. linearly with applied load, etc.). Hence, the theoretical state of
stress is not explicitly defined for every given load level in the postbuckling region; only
the limiting states of stress at web buckling and failure are theoretically defined.

The state of stress at failure can be converted to the principal plane as before
using Equation 3-16 through Equation 3-19. From Basler’s derivation, the applied shear
required to fail the girder in shear is:

- \/g 5, 1 Equation 3-24

V =V . g =

Ty 2 Fy d/ :
l+( OD)
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3523 Example Calculation of Theoretical Stresses

In order to compare with experimental stresses, the theoretical stresses will be
calculated using the dimensions and properties of test Beam 6a. The girder is hybrid with
a total span length of 13.5 feet. The target values for relative moment and shear are both
1.0, which means that the girder is expected to reach its full shear and moment capacities
at approximately the same applied load. The given yield strengths are from tension tests
performed on samples of the steel plates that make up the plate girders (Schreiner 2001).
The properties are as follows:

Shear Span, L = 81>

Flange width, by = 8 34>

Flange thickness, ty = 14”

Flange yield strength, Fyr= 91.0 ksi

Web depth, D =35>

Web thickness, t,, = 4"

Web yield strength, Fyy, = 60.8 ksi

Modulus of Elasticity, E = 29,000 ksi (assumed)

Poisson’s Ratio, v = 0.3 (assumed)

To calculate the theoretical state of stress in the web, an applied shear of P = 60
kips will be assumed. Note that this load level is less than the critical buckling load, so
tension field action stresses are theoretically absent. The stresses will be calculated at the
location of Gauge 1 (see Figure 3-13). Gauge 1 has the following coordinates, defined in

Figure 3-15:
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x = 39.25 in (from center support)

y = -8.6875 in (from neutral axis, up negative)

First, the applied shear and bending moment is calculated. According to Equation 3-1,

V=-P=-60kips.

The applied moment can be calculated with Equation 3-2, which gives:

A 09 kip-fi

M(x)=-P-(L~x)=-60kips-(81in-39.25in) 5
n

In order to calculate stresses, the moment of inertia of the cross section must be known.

For this symmetric girder, the strong axis moment of inertia is:

1

I=é-[bf(D+2tf)3 (b, —-tw)D3]=E~[(8.75)(35+2~O.5)3 ~(8.75-0.25)35) |=3650in*

From Equation 3-3, the flexural stress is:

_M-y _(-209kip-ft)-(-8.6875in) 12in

c, — =5.97 ksi
I 36501in ft

In order to calculate the shear stress, the first moment of area about the neutral

axis, Q, must be determined as follows:

t, [ D? b, -t 0.25( 35 8.75(0.5 :
Q=?W(T—y2]+f—2f—(D+tf)=T(T—(-8.6875)2]+—T(—)(35+O.25)=106.51n3

The shear stress is then calculated from Equation 3-5 as:

. .3
. = V-Q_-60kips (106.51.n ) ok
It 3650in*-(0.25in)
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Since the vertical normal stress, Gy, is theoretically zero, the complete state of
stress of an element located at Gauge 1 under an applied load of 60 kips is theoretically
known (see Figure 3-20). It may be desirable to express this state of stress on the

principal plane. The major principal stress can be found using Equation 3-7 as follows:

2 N N2
o, =2y [ Qx| gz 2207KSL ISITRSTY () 0 1iP =10.6ksi
2 2 v STy 2

Using Equation 3-8, the minor principal stress is found to be:

2 . N\ 2
o, =2x (1) +72 =5'92k‘°"—\/(5'92k“j +(-7.0ksi)® =—4.62 ksi

Since oy is positive, it is a tensile stress and Equation 3-9 can be used to calculate the

orientation of the principal plane.

2 (- 1
0, = —%-tan'l[—Tij = ~l-tan'l(mgl(s—l)] =33.5°
c

2 5.97 ksi

Theoretical stresses can also be calculated for locations on the flange. To
compare with experimental data, the flexural stress at the location of flange Gauge 1 will
be calculated. This gauge is located at:

x =39.25”

y=-17.5"

Since flange Gauge 1 is located the same distance from the central bearing stiffener as
web Gauge 1, the applied moment at flange Gauge 1 is the same as that of web Gauge 1:

M(x) = ~209 kip - ft
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Theoretical Data - Beam 6a
Gauge 1, P = 60 kips

46

‘4L:ﬁﬁ;“x ,)<:>/4;M y\
X7y .

= Theoretical

24

Shear Stress, 1 (ksi)

Normal Stress, o (ksi)

Figure 3-20. Mohr’s Circle: Theoretical State of Stress at Gauge 1 (x-y Plane Shown)

The flexural stress is calculated in the same manner as for the web gauge:

_M-y _(-209kip-ft)-(-17.5in) 12in

o, — =12.0ksi
I 3650in ft

The stresses calculated so far are valid for load levels less than the critical

buckling load. The critical buckling load is defined as the shear load that causes the

shear stress at the neutral axis to reach the shear buckling stress, 1., defined in Equation

3-12.

75



For d/ = 52'5_ D 15510 , the plate buckling coefficient is:
D™ 350
k=5344+——75=534+—3=7.12
d% (1.5)
D

The shear buckling stress can then be determined:

4.00 4.00
2

1, m(29,000ksi) (0.25in

©-E [t jz ( )2
T, =k- 2l =712 =9.52ksi
=" 12.0-v*) D 12-(1-0.3%) \ 35in

The plastic shear force, Vy, is defined in Section 2.3.3 as:

60.8ksi /. _. : :
V,=1,-D-t, = -(35in)0.25in) =307 kips

V3

The critical buckling load can now be calculated using Equation 3-11:

V, =V, Zr=7 .D-t, Z— =D-t_ -1, =(35in)0.25in)9.52 ksi) = 83.3 kips

TY y

Theoretically, the state of stress at the neutral axis is pure shear. The magnitude
of the shear stress is equal to the critical buckling stress when the critical buckling load is
applied. It is useful to express this state of stress in u-v coordinates, which are rotated an

angle ¢ from the x-y axes. The angle ¢ can be determined from Equation 2-17 as:

¢=ltan‘1 b =ltan"1( 35“.1 )=16.8°
2 dy,) 2 52.51n

The normal stress along the u-axis is then calculated from Equation 3-13:
6, =1, -sin(26)=(9.52 ksi)-sin(2(16.8°)) = 5.27 ksi

Equation 3-14 is used to calculate the normal stress along the v-axis:
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6, =1, -sin(2¢) = —(9.52 ksi)-sin(2(16.8°)) = —5.27 ksi

Shear stresses in the u-v plane are calculated with Equation 3-15:

Ty = —T, -€08(20) = —(9.52 ksi)- cos(2(16.8°)) = —7.93 ksi

The complete state of stress at web buckling is shown in Mohr’s circle in Figure 3-21.

Equation 3-16 and Equation 3-17 are used to find the principal stresses from the state of

stress given above:

9 2
Gl=0u+GV+\/(Gu—GVj o =5.27+(—5.27)+\/(5.27—(—5.27)} (7.9 =9.52 ks

uv 2 2

2 2
o, _ut0, _\/(cu —cv) e 5.27+§—5.27)_\/(5.27-§—5.27)) (795 =—0.52 ks

Since oy > Gy, Equation 3-18 is used to find the angle from the u-v plane to the principal

plane:

(901—¢)=-—%tan"( 2T, j=_ltan“(__£7‘_9lﬂ=28.2o

G,~GC 2 5.27-(-5.27

u v

In order to determine the state of stress at failure, the maximum tension field stress, G, is
added to the buckling state of stress along the u-axis. The maximum tension field stress

is calculated from Equation 3-20 as:

o, =F - \/11{%] -H%-sin@d))) —3}—%-%-sin(2¢)

o\ 2 2 .
= 60.8ksi- \/1+[9'52k31j -K%-sin(2-l6.8°)j —3}3 9'52k81J-sin(2(16.8°)) =51.2ksi

60.8 ksi 21.60.8 ksi
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Theoretical Data - Beam 6a
Gauge 3, Web Buckling

- Basler Buckling

80 90

Shear Stress, t (ksi)

Normal Stress, o {ksi)

Figure 3-21. Mohr’s Circle: State of Stress at Web Buckling (u-v Plane Shown)

The shear load that will cause failure of the girder is calculated from Equation 3-24:

=207 kips

9.52ksij V3 (51.21@) 1

= (307 kips)- ( 2. :
35.1ksi) 2 \60.8ksi 254
\/H—(5 ‘SI%Sin)z

The tension field stress is added to the u-axis buckling stress to determine the u-axis
stress at failure (Equation 3-21):

6, =1, -sin(20)+ o, =5.27 ksi+51.2ksi = 56.5 ksi
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The v-axis stress and shear stress theoretically remain constant from buckling to failure:

6, =1, -sin(2¢)=-5.27 ksi

T, =1, -cos(2¢)= ~7.93 ksi

The Mohr’s circle for the state of stress at theoretical failure is shown in Figure 3-22,

with theoretical buckling shown for reference.

Theoretical Data - Beam 6a
Gauge 3, Buckling & Failure Limits

, /g N e N i, Basler Buckling
\ N ] - i
40 -60 -30 ; 30 ™ JeD f & Basler Failure

}‘\{ & T T U 2(810) = 14.4°

Shear Stress, z {ksi)

wl N

56

Normal Stress, o (ksi)

Figure 3-22. States of Stress at Buckling and Failure (u-v Planes Shown)

The principal stresses at failure are computed using Equation 3-16 and Equation 3-17:

9 2
o - 0uFO, +\/(cu —-ij o 365 +g—5.27)+\/(56.5—-§—5.27)j (793 =574 ks

2 2

79



2 2
5, =00, _\/[Gu‘c’v) +1? = 56'5+(“5'27)_\/(56'5’(‘5'27)) +(-7.93) =-6.27 ksi

uv 2 2

Since oy > oy, Equation 3-18 is used to calculate the angle of inclination of the principal

plane from the u-v plane:

(961 “(I)) = .—';—tanﬁl (—2&‘/—_] = —ltan'l(ﬂ)——) =7.2°
(0

-0, 2 56.5—(~5.27)

u

3.5.3 [Experimental Stress Analysis

The objective of Series II testing is to show that tension field action stresses are
present in hybrid plate girders subject to concurrent bending and shear, and that these
stresses can anchor reasonably well to the stiffeners and flanges through web material
that may be yielded due to flexural stresses. Interpretation of experimental data is a
critical step in this process, so the method of data analysis will be given in detail.
Example calculations will be given to clarify the process and to compare with the
theoretical stresses calculated in Section 3.5.2.3. Comparison of experimental and

theoretical stresses for Series II tests will be presented in Chapter 4.

3.5.3.1 Rosette Strain Gauge Data

As discussed in Section 3.3.3, rectangular rosette strain gauges were bonded to
the web of the test panel in order to record strain information during testing. Each rosette
provides three sets of strain data, each in a different direction. This data is used to infer a
state of strain in the plane of the gauge. In order to remove erroneous data caused by out-
of-plane effects, each strain gauge location was instrumented with two strain gauges, one

on either side of the web that were averaged to take out out-of-plane stress fluctuations.
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Therefore, six sets of strain data in three directions are used to determine the
experimental state of strain at each gauge location on the web of the test panel.

Each strain gauge was given a designation in order to distinctly identify the data
collected (Figures 3-13 and 3-14). The direction of strain recorded by each individual
gauge included in the rectangular rosette configuration is apparent from its designation.

The horizontal direction is designated as “2”, whereas “1” is directed 45° clockwise from

horizontal. Direction “3” is 45° counter-clockwise from horizontal, as shown in Figure

3-23.

Directional strain gauges can be adversely affected by strains that act in directions
other than the direction of the gauge. This effect is called transverse sensitivity. The
errors due to the transverse sensitivity of rectangular rosette strain gauges in Series I

testing were found to be less than 1% (Rush 2001). Therefore, transverse sensitivity

Figure 3-23. Rosette Strain Gauge Directions

corrections will not be included in Series II data analysis.

Out-of-plane effects such as web buckling are taken into consideration by
mirroring the strain gauge layout on either side of the web. It is assumed that if a gauge
reports compressive strains due to out-of-plane bending of the web, then the gauge on the

other side of the web will report tensile strains of the same magnitude. The data from
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these gauges can then be averaged together in order to cancel out any strains caused by
out-of-plane bending of the web.
Using the averaged data, a state of strain is inferred using Mohr’s circle equations.

First, the principal strains are determined using the following equations:

Equation 3-25

zg_lﬁg"*"\%z:\/(sl "82)2 +(82 “83)2

€p 5

+ 1 Equation 3-26
€q = 2 283 —'\/—5\/(81 _82)2 +(82 _83)2
Where:

€p = major principal strain

€q = minor principal strain

€1 = measured strain in “1” direction

€ = measured strain in “2” direction

€3 = measured strain in “3” direction

Principal stresses can be computed from the principal strains using Hooke’s Law
for biaxial stress. Hooke’s Law assumes that the material in question is homogeneous,
isotropic, and linear elastic. These assumptions are reasonably satisfied for load levels up
until web buckling, but postbuckling behavior is clearly non-linear. However, the
assumption of linear behavior will be extended into the postbuckling regime for analysis.

The biaxial stress Hooke’s Law equations are:

Equation 3-27

(e +v-sg)
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Equation 3-28

Oy = (8Q+V-8P)

1-v?

Where:

op = major principal stress

G = minor principal stress
The experimental orientation of the principal plane, 6y, is then determined by the
following equations:

Equation 3-29
1 e —-2e +¢ ) q
0, = 135°—5tan 1(—1————2———1] ife; >e3
€ —&;

Equation 3-30
1 (& —-2s +¢ ) q
0, = 45°—5tan 1(—1———2———1J ife; <es
€ —&

Here, Oy, is defined as the angle from the x-axis (horizontal) to the major principal plane.
Counter-clockwise rotation is considered positive, while clockwise angles are negative.
The experimental state of stress is now completely defined and can be expressed on any
plane. In order to describe the state of stress on the original x-y coordinates, the

following equations may be used:

Cp,+0 0,—GC Equation 3-31
6, =——2 4212 cos(26xp)
2
O, +0 6, —0C Equation 3-32
o, =—2__F °Q cos(26 )
y 2 Xp
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Equation 3-33

Ty = B ;GQ sin(26xp)

In order to express the experimental state of stress in u-v coordinates (rotated
counter-clockwise by any given angle ¢ from the x-y coordinate system), the following

equations may be used:

O, +0 G, —0C Equation 3-34
5, =— 5 L0 cos(26xp —2(!))

0, +0 G, —0C Equation 3-35
G, =— > Q__F 5 g cos(29xp —-2(1))

G, —0C Equation 3-36
s sin(26,, —24)

uv

3.53.2  Linear Strain Gauge Data

Linear strain gauges are used to collect experimental strain information from the
test girder’s flanges and stiffeners. The linear gauges collect the strain information in the
same manner as the rosette gauges, but only in the direction of the gauge axis. For this
reason, only the stress in that direction can be computed as opposed to the complete state
of stress calculated for the rosette gauges.

As shown in Figure 3-13, linear strain gauges are bonded to the inside surfaces of
the flanges of the test panel. Also, both sides of the bearing stiffeners and intermediate
transverse stiffeners bordering the test panel are instrumented with linear gauges. The
gauges are oriented such that the flange gauges record strains along the longitudinal axis

of the girder and the stiffener gauges record axial strains in the transverse stiffeners. The
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objective of gauging the stiffeners and flanges is to detect a change in stresses caused by

anchorage of a tension field (see Figure 3-24).

r 3

A 4
F
<

Figure 3-24. Anchorage of TFA Stresses

Since linear strain gauges report strains in only one direction, Hooke’s Law for
uniaxial stress can be used to convert the strain information to stresses. Hooke’s Law
again assumes the material to be homogeneous, isotropic, and linear elastic. These
assumptions are reasonably satisfied for the linear gauges, as no yielding is expected at
these locations prior to failure. Hooke’s Law for uniaxial stress is:

c=E-¢ Equation 3-37

3.533 String Pot Data

Similar to strain gauges, the data from the string pots is recorded as voltages. The
string pots were calibrated at the testing facility prior to Series I testing, and calibration
factors for each string pot were obtained. These calibration factors convert the voltages

directly into length measurements. The objective of instrumenting the test panel with
85



string pots is to track out-of-plane web deflections across the tension field as well as to
attempt to determine the load level that causes web buckling in the test girders. The

locations of the string pots are shown on the instrumentation layout diagram, Figure 3-14.

3.5.3.4  Example Experimental Stress Calculations

The following example calculations detail how the test data is reduced to
engineering terms. The following example is based on data taken from test Beam 6a at a
load level of P =60.1 kips. The equations used in this example are typical of all tests and
load levels. Below, recorded strain data from both rosette gauges at gauge location 1 (see

Figure 3-13) is given in micro-strains:

E1-1: 1.71 pe Wi-1: -374 pe
E1-2: 303 pe WI1-2: 108 pe
E1-3: 436 pe W1-3: 248 pe

The data from opposite sides of the web panel is averaged to remove out-of-plane effects:

(E1-D)+(Wi-1) _(1.71)+(-374) _

Al-1= 3 —186 pe=¢,
Al (E1-2)J;(W1—2)= (303)+(108):206]%___82
Al_3e (E1-3)+(W1-3) _ (436)+(248):342 we=e,

2 2

The major principal strain is determined using Equation 3-25:
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81+83

& = 2 \/_\/(81 +(8 ~&,)

—-186+342 1 2 2
= T4 J(-186-206 206-342) =371
> + > \/( ) +( ) He

Similarly, the minor principal strain is determined with Equation 3-26:

€q = HY8 \/(81 2)2 +(82 ~"“33)2

2
_ —186+342 1

2 2

From the principal strains, the principal stresses are determined using Hooke’s Law for

(~186-206) +(206-342) =-215pe

biaxial stress. As before, Young’s Modulus and Poisson’s Ratio are assumed to be

29,000 ksi and 0.3, respectively. Using Equation 3-27 and Equation 3-28:

E 29,000 ksi
Gp =__?(8P v 8Q)~

1-v T (03)

6o = —E—z—( Eo+V-Ep)= 29,000 ksi (( 0.000215 i%n)+ (0.3)- (0.0003711%1)): ~3.30 ksi

I-v ()2

(0.000371 ing +(0.3) (~0.000215 in/ )=9.77ksi

Since €1 < €3, Equation 3-30 is used to calculate the angle from the x-y plane to the

principal plane:

exp=450—ltan—1 -186_2(206)+342 =32.1°
-186-342

The state of stress on the x-y plane can now be expressed using Equation 3-31, Equation

3-32, and Equation 3-33:
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o, = Or ;GQ + % % cos(26xp)= 0.77 +2(-3'30) + 9.77 +2(-3'30) cos(2-32.1°)= 6.08 ksi

o, =221% %% (g )= 9.77+(-330)_9.77-(:330) 5 35 1) 030 ksi
YT ) 2 " 2 2

T, =2 ;GQ sin(20,,, )= —wsm(wzﬁ): —5.88 ksi

Figure 3-25 shows how the experimental data corresponds with the theoretical

predictions for this pre-buckling load level.

Experimental & Theoretical Data - Beam 6a
Gauge 1, P = 60 kips

 Experi
16 P e Theoretical

Shear Stress, 1 (ksi)

Normal Stress, o {ksi)

Figure 3-25. Mohr’s Circles: State of Stress Comparison (x-y Planes Shown)

At the same load level, the flexural stress can be calculated at the flange gauge
locations. Strain data from flange Gauge 1 on either side of the web is given as:

EF1: 435 e WF1: 342 pe

Averaging the data from opposite sides of the web panel:
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EF1+ WF1 4354342
2

AFl=

=38%ue=¢

Using Hooke’s Law as given in Equation 3-37:
6 =F-e= (29,000 ksi)-{0.000389 1/ )=11.3 ksi

Theory predicted the flexural stress at this location to be 12.0 ksi.
Stiffener gauges are dealt with in a similar manner. Strain data from stiffener
gauge location 1 is given as:
EB1: 3.13 pe WBI1: 24.5 ue
Average value of the recorded strain data is:

EB1+WBI1 3.13+24.5
2

ABl=

=138ue=¢

The normal stress is determined using Hooke’s Law:
o =B-&=(29,000ksi)-(0.0000138 11/ )= 0.40 ksi

Theory assumes this stress to be zero.

3.5.4 Summary Theoretical Behavior

The methods used for calculating theoretical and experimental stresses for Series

I testing, as well as example calculations of each, were presented in this chapter.
Theoretical stresses are calculated using classical engineering equations and Basler’s
tension field action theory. Experimental stresses are calculated from strain data
recorded during testing. Mohr’s circle equations and Hooke’s Law for biaxial stress

states are used to determine experimental stresses.
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Included in the analysis procedure is an assumption of linear-elastic material
behavior. While postbuckling behavior (yielding) is clearly non-linear, the assumption is
extended to the postbuckling regions for comparison purposes nonetheless.

In the next chapter, the stresses calculated from experimental data will be compared
with theory in an effort to determine if tension field action stresses are present and

effectively anchored.

3.6 Summary

Chapter 3 presented the Series I (low moment high shear) and Series II (high
moment high shear) test specimens and the test set up and procedures. They were
selected to demonstrate tension field action in hybrid girders and to examine the moment-
shear interaction of hybrid girders. Chapter 3 also demonstrated theoretical and example
calculations to examine shear capacities and experimental stresses.

Chapter 4 will examine one of the Series II test girders in detail. Tension field
action and moment-shear interaction will be demonstrated, along with comparison of
experimental behavior to theoretical expectations. The equations demonstrated here will
be used in these analyses, but the reader is referred to Zentz (2002) for a complete
explanation of the procedures. Series I test results and analyses will not be shown here.

The reader is referred to Rush (2001) for an equivalent presentation of the Series I tests.
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Chapter 4 - Experimental Results

4.1 Introduction

The objective of this chapter is to determine the experimental tension field action
shear capacity of the Series II hybrid plate girders, verify that the capacity is indeed due
to tension field action stresses, and compare the results to theoretical values calculated
from Basler’s tension field action theory. Through physical observation of the Series 1T
tests, the ultimate shear capacity and interaction characteristics of the test girders will be
investigated, and the tension field action contribution to shear resistance will be
quantified. The data taken from the tests will be used to investigate both the elastic and
postbuckling stresses present in the test girders in order to verify the presence of tension
field action. The Series I test girders will not be shown, except for overall behavior,
since the Series II tests demonstrate the topics to be covered. The reader is referred to
Rush (2001) and Schreiner (2001) for full details on the Series I test girders.

In order to maintain the flow of the text without repetition, experimental data will
primarily only be presented from Beam 6a throughout this chapter. Data for all of the
Series 11 test girders is included in the Results Volume (Zentz 2002), and will be referred
to whenever experimental results are presented. Also, many of the experimental data
graphs include vertical lines marked V., V,, My, or M,,. These lines represent the
theoretical load levels corresponding to the critical shear buckling load, nominal shear

capacity, yield moment, and nominal moment capacity, respectively.
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4.2 Physical Observations

The physical observations of the experimental tests are considered prior to the
interpretation of test data. The first observation is the ultimate shear capacity of the test
girders, which has the potential to demonstrate that hybrid plate girders do exhibit tension
field action shear capacities that can be reasonably predicted by the current AASHTO
design codes. Next, the moment-shear interaction characteristics of the test girders are
considered, with the intention to define what special interaction reductions, if any, hybrid
plate girders might be subject to if tension field action capacity is allowed in their design.
The physical failure mechanisms of the test girders are explored in order to correctly
interpret the strain and deflection data taken from the tests. Finally, the experimental

tension field action contribution to shear capacity will be investigated.

4.2.1 Experimental Shear Capacities

The most important observation from Series I experimental testing is the
experimental shear capacity of each test girder. The experimental shear capacity has the
potential to show that hybrid plate girders do have shear capacities comparable to those
of similarly proportioned homogeneous girders. It will be left up to the experimental
stress analysis to verify that the shear capacity is due to tension field action behavior,
rather than some other mechanism.

The theoretical shear and moment capacities for the experimental test girders have
been calculated using AASHTO’s 1998 LRFD design equations, including tension field

action for hybrid girders, and neglecting moment-shear interaction reductions. The
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hybrid reduction factor, Ry, and the load-shedding reduction factor, Ry, have been
included in the calculation of theoretical moment capacity for the test girders.

Shown in Table 4-1 are the experimental capacities of Series I test girders. The
table illustrates the girder composition, the theoretical buckling and shear capacity, and
the experimental buckling and shear capacity. The specifics on the data reduction and
buckling capacity determination is not shown here for the Series I tests. The reader is
referred to Rush (2001) and Schreiner (2001) for the results shown in Table 4-1. Table 4-
2 are the theoretical and experimental shear capacities for the Series II test girders. All
but one of the Series II test girders are hybrid 50-70 girders similar to test girders 3a and

3b in the Series I set. The following sections will present the analyses for Series II girder

6a.
Table 4-1. Theoretical and Experimental Capacities of Series I Test Girders
Test Test Girder Theoretical Shear  Theoretical Total Experimental Shear Experimental Total
Number Buckling Capacity =~ Shear Capacity Buckling Capacity Shear Capacity
(kips) (kips) {kips) (kips)
1 50-50 Homogeneous 84.15 192.45 90 204.8
2 70-70 Homogeneous 84.15 208.37 143 >218
3a 50-70 Hybrid 84.15 192.45 116 211.0
3b 50-70 Hybrid 84.15 192.45 106 207.3

93



Table 4-2. Theoretical and Experimental Capacities of Series II Test Girders

Beam4 | Beam5 | Beam 6a | Beam6b| Beam7 | Beam 8
Ultimate Experimental Shear, V, (kips)] 201.0 151.0 190.3 190.6 86.3 183.4
Nominal Shear Capacity, V, (kips)} 193.3 193.3 193.3 193.3 193.3 193.3
Ultimate Experimental Moment, M, (k-ft)] 1088.8 1459.7 1284.5 1286.6 1438.3 947.6
Nominal Moment Capacity, M, (k-ft)}] 1385 1385 1385 1385 1385 820
Ultimate Normalized Shear, V /V, 1.04 0.78 0.98 0.99 0.45 0.95
Ultimate Normalized Moment, M /M,, 0.79 1.05 0.93 0.93 1.04 1.16

For both the Series I and II test girders, the shear capacity meets the AASHTO

shear capacity for girders controlled by a shear only failure (Series I tests 1-3b and Series

II tests 4, 6a, and 6b) ignoring moment-shear interaction reductions. The other Series II

tests, tests 5, 7 and 8 were controlled by moment or moment-shear interaction failures.

AASHTO currently limits the design shear capacity of hybrid plate girders to the

shear buckling capacity. As shown by Table 4-2 above, the girders failing due to shear

displayed an experimental capacity of about twice the theoretical shear buckling capacity.

The experimental capacities recorded from Series I and II testing show that hybrid

plate girders are capable of reaching the shear capacity calculated using AASHTO’s

current tension field action design equations for homogeneous sections. The strain data

recorded from the experimental testing will be used later in this chapter to verify that

tension field action stresses are present and responsible for the postbuckling shear

capacity. In the next section, the moment-shear interaction characteristics of the test

girders will be compared with proposed interaction diagrams for hybrid girders.

94




4.2.2 Moment-Shear Interaction

As discussed in Chapter 2, much of AASHTO’s current moment-shear interaction
diagram is unavailable for hybrid plate girders. For this reason, Hurst (2000) has
proposed a Modified Basler Interaction Diagram for hybrid girders that greatly increases
the available shear capacity for hybrid girders (see Figure 4-1). However, as discussed
above, the experimental shear capacity of Series II test girders was found to be within 5%
of the nominal shear capacity as computed with AASHTO’s current tension field action
design equations, neglecting moment-shear interaction altogether. This leads to the
hypothesis that moment-shear interaction can be ignored for design. The three possible
interaction diagrams (AASHTO, Hurst, No Interaction) are shown in Figure 4-2.

In order to determine which interaction diagram is most applicable to the
experimental data, the experimental data will be plotted on the interaction diagrams.
First, the design values of normalized shear and moment are plotted in Figure 4-3 for

comparison with the experimental interaction values shown in Figure 4-4.
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Figure 4-1. Proposed Interaction Diagram.

95



Moment-Shear Interaction Diagram
Possible Interaction Diagrams

No Interaction

1 3
AASHTO - Basler
{Homogeneous)
08 ;
= Hurst - Modified Basler
= (Hybrid)
[+X:]
0.4
02
o
o [ 04 06 08 1 12 14
VI,
Figure 4-2. Possible Interaction Diagrams
Moment-Shear Interaction Diagram
Series il Interaction Design Values
14
12
Beam 7 | Beam §
(0.4, 1.0) [_ (0.7, 1.0)
1 @ Beams 6a,
N 6b,& 8
- (1.0, 1.0)
08 '&\\% =
4 Beam 4
= (1.0, 0.8)
s
06
04
0.2
o
0 02 04 (1] 08 1 12 14
VIV,

Figure 4-3. Series Il Interaction Design Values
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Figure 4-4. Series II Ultimate Interaction Values

From the experimental data shown in Figure 4-4, it appears that moment-shear
interaction can be ignored for design. With the exception of Beams 6a & 6b, all of the
test girders plot outside of the “no interaction” envelope, which indicates that those
beams have more capacity than would be calculated if interaction were considered. Table
4-2 shows that Beams 6a & 6b are less than 2% below the nominal shear capacity
(including TFA) at failure. This difference is within the uncertainty of shear design
(Aydemir 2000).

Recent research performed at the Georgia Institute of Technology recommends
that moment-shear interaction be removed from design criteria (Aydemir 2000).

Aydemir performed a parametric study of tension field action behavior in hybrid plate
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girders using finite element analysis. The conclusion of the study was that only girders
with high depth of web in compression to web depth ratios (D/D > 0.65) experienced
any moment-shear interaction. The extent of the interaction for these girders was small
enough to suggest that the interaction be accounted for by adjustment of AASHTO
resistance factors (¢ factors) rather than traditional moment-shear interaction reductions
(Aydemir 2000).

However, if the moment-shear interaction reduction is not removed from the
design requirements, Figure 4-4 shows that AASHTO’s current moment-shear interaction
diagram for homogeneous girders is valid and conservative for the Series II hybrid test
girders. Hurst’s proposed hybrid interaction diagram is also valid for the test girders as
shown, but is less conservative and more accurate than the current AASHTO
homogeneous interaction diagram.

The experimental capacities recorded from Series II testing show that hybrid plate
girders are capable of reaching the shear capacity calculated using AASHTO’s current
tension field action design equations for homogeneous sections. The moment-shear
interaction characteristics of the test girders suggest that the interaction reduction is
conservative or that the moment-shear interaction reduction may even be removed for all
plate girders.

The next section will investigate the observable failure mechanisms from the
Series 11 tests. Visual inspection of the failed test panels helps to properly interpret the

test data.
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4.2.3 Failure Mechanisms

The observable failure mechanisms for Series II tests varied depending upon the
type of failure. Beams 4, 6a, and 6b failed in shear, while Beam 7 experienced failure
due to flexure. Beams 5 and 8 showed signs of a combined moment-shear failure. All of
the Series I test girders (Schreiner 2001) failed in a shear mode (except the homogeneous
70 kst girder which did not fail). Only the Series II test girders will be discussed here.

In general, the characteristics of each failure include lateral web buckling and
development of a tension strut, followed by formation of a plastic hinge in the
compression flange. Visual out-of-plane distortion was observed to begin at load levels
well below the theoretical buckling load. While theory assumes that buckling of the web
plate does not occur until the critical shear buckling stress is obtained, it is intuitive that
buckling of a slender plate with some initial curvature will begin as soon as a
compressive load is applied to the plate. Although each test was unique, out-of-plane
web distortion was visually apparent at load levels as low as 40 kips (about half of the
calculated shear buckling load). At high load levels, the diagonal strains across the shear
panel became large enough to cause shedding of mill scale, forming a visible tension strut
across the web. Eventually, a plastic hinge forms in the compression flange where the
tension strut anchors to the flange. When the hinge forms, end deflections of the girder
increase rapidly and the girder is considered failed.

A typical shear failure is shown in Figure 4-5. A tension strut running diagonally
from the upper corner of the test panel at the bearing stiffener to the opposite lower
corner of the panel characterizes a shear failure. Since the tension strut runs along the

diagonal of the test panel, it appears that the tension field stresses also act along the angle
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of the diagonal (33.7°), rather than at half of the angle of the diagonal of the panel
(16.8°), as suggested by Basler (Rush 2001). Figure 4-6 compares the indicated angles

on the failed test panel from Beam 6b.

Buckled ﬁ‘lange \
Plastic Hinge

Figure 4-5. Typical Shear Failure Characteristics (Beam 6a)

Figure 4-6. Tension Field Stress Direction Comparison for Shear Failure (Beam 6b)
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Figure 4-7. Moment Failure in Adjacent Shear Panel

Moment failures do not have tension struts running across the diagonal of the test
panel. Rather, the web buckles along a line from the upper corner of the test panel at the
bearing stiffener to the compression flange at a steep angle, intersecting the flange within
the shear panel length. The compression flange buckles at this point and forms a plastic
hinge, signifying failure of the beam. The general characteristics of a moment failure are
shown in Figure 4-7.

Beam 7 (M/M, = 1.04, V/V, = 0.45, Hybrid) was designed as a flexural test with
relatively low shear levels. Although precautions were not to force failure in the test
panel, the girder experienced a flexural failure in the shear panel adjacent to the test
panel, as shown in Figure 4-7.

Strain data taken from Beam 7 prior to buckling is still valid (Zentz 2002) and
postbuckling data still reflects the strains experienced by the test panel, but that data does

not represent a failure in the panel. Since Beam 7 was designed such that the nominal
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moment capacity would be reached at nearly the same load level as the shear buckling
capacity, very little postbuckling information was expected from this test, so the location
of the failure is not a concern.

As mentioned above, Beams 5 and 8 experienced a combined moment-shear
failure. The test panel of Beam 8 (M/M,, = 1.16, V/V, = 0.95, Homogeneous) is shown
below in Figure 4-8. Note that the partially developed tension strut suggests a shear
failure, but the plastic hinge in the compression flange is typical of a moment failure.

The observable failure mechanisms are important to take note of in order to
correctly interpret the test data. A visual inspection of the failed girder can reveal the
failure type, locations of high strains, and other important information that may not be
apparent from the recorded test data. After consideration is given to the observable
failure mechanisms, the test data can be properly interpreted as needed. The next section
will attempt to determine the experimental web buckling load using various forms of

recorded test data.

Figure 4-8. Combined Moment-Shear Behavior (Beam 8)
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4.2.4 Experimental Web Buckling

In an attempt to quantify the experimental tension field action contribution to total
shear capacity, an experimental shear buckling capacity is required. Once an
experimental shear buckling capacity is determined, any additional capacity beyond
buckling could be attributed to tension field action, provided the experimental strain
patterns agree with tension field action theory.

In the interest of brevity, Beam 6a (M/M, = 0.93, V/V, = 0.98, Hybrid) will be
used to present experimental and theoretical data for the remainder of the chapter. Full
data from all test girders is included in the Results Volume (Zentz 2002). Significant
data from other test girders is discussed and shown in this chapter when necessary.

As mentioned in Section 4.2.3, out-of-plane web buckling in the test girders was
visually noticeable at low load levels, prior to the theoretical critical buckling load. This
suggests a gradual transition from beam-type shear resistance to tension field action
behavior, rather than an abrupt switch from beam to TFA resistance as suggested by
theory. Therefore, it is likely that there is not a clearly defined experimental shear
buckling load, but it may be possible to determine an effective shear buckling load based
on the recorded data.

In the following sections, experimental web buckling will be investigated using a
variety of test data. First, string pot deflection data will be used in an attempt to
determine the experimental buckling load. Then the differences in data recorded by the
rosette strain gauges on either side of the web will be examined. Anchorage stresses
caused by the tension field may be useful in establishing the experimental buckling load,

so these will be explored, as well as postbuckling stress behavior in the web panel.
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4.2.4.1 String Pot Data

The most straightforward way to investigate out-of-plane buckling based on the
Series II test setup and instrumentation is to use the string pot data, which tracks out-of-
plane deflections of the web panel. The experimental buckling load could be determined
if the string pot data showed a sharp increase in web deflection at a certain load level.
Data recorded from Beam 6a is shown in Figure 4-9. Data for all tests can be found in

Results Volume Chapter A (Zentz 2002).

Experimental Data - Beam 6a
Web Deflection vs. Applied Load

0.8

Deflection, § (in)

1o . Ve . o, v,

] 50 100 150 200
Applied Load, P (kips)

Figure 4-9. Web Deflection vs. Applied Load

The string pot web deflection data shows that the out-of-plane web deflections

begin from initial loading, and increase relatively smoothly as additional load is applied.

104



There are no sharp changes or discontinuities in the web deflection data that would
indicate a clear point of buckling. The gradual deflections, beginning at low load levels,
indicate a smooth transition from beam-type shear resistance to tension field action shear
resistance. Another attempt to determine the experimental buckling load using rosette

strain gauge data is presented in the next section.

4.2.4.2 Rosette Strain Gauge Data

As mentioned in Chapter 3, the rosette strain gauge layout is mirrored on either
side of the web of the test panel in order to eliminate out-of-plane effects. It may be
possible to use the raw strain data from either side of the web to determine the point of
experimental web buckling.

Theoretically, the strain data recorded from the east and west rosette at any
particular gauge location should be identical until web buckling. At the point of web
buckling, the strain data from the east and west rosette should theoretically diverge from
one another due to the curvature of the buckled web.

Web buckling is expected to be most pronounced in the center of the web of the
test panel, so rosette Gauge 3 will be used for this investigation. A change in strain due
to buckling is most likely to be recorded by a strain gauge oriented perpendicular to the
direction of buckling. Gauge direction 1 is most nearly perpendicular to the expected
direction of web buckling, so east and west gauge 3-1 will be used for this investigation.
Strain data from Beam 6a is shown in Figure 4-10. Data for all test girders can be found

in Results Volume Chapter B (Zentz 2002).
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Experimental Data - Beam 6a
Gauge 3-1 Strain vs. Applied Load
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Figure 4-10. Raw Strain Data from Gauge Location 3-1

The rosette strain gauge data shows that the strains recorded from the east and
west sides of the web panel begin to diverge at very low load levels. There are no sharp
discontinuities in the data that suggest a definite buckling load. The data agrees with the
theory of a gradual transition from beam to TFA shear resistance. Anchorage stresses

caused by the tension field will be inspected in the next section.

4243 Tension Field Anchorage Stresses

According to Basler’s tension field action theory, tension field action stresses
anchor to the stiffeners and flanges that make up the border of each shear panel.

Theoretically, the anchorage stresses tend to cause increased compressive stresses in both
106



the stiffeners and flanges. Since the tension field stresses are theoretically not present in
the web prior to buckling, there should be no anchorage stresses until buckling.

To investigate the appearance of anchorage stresses, the linear strain gauges on
the stiffeners and flanges will be used. The experimental stresses in the stiffeners and
flanges are plotted as a function of applied load. The anchorage stresses should cause the
experimental stresses in theses members to become more compressive following web
buckling. Figure 4-11 shows experimental stiffener stresses. Flange stresses are
displayed in Figure 4-12. Stiffener and flange stress data for all tests can be found in

Results Volume Chapters C and D (Zentz 2002), respectively.

Experimental Data - Beam 6a
Stiffener Stresses vs. Applied Load

Bearing
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Normal Stress, ¢ (ksi)
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Figure 4-11. Stiffener Stresses vs. Applied Load

107



Experimental Data - Beam 6a
Flange Stresses vs. Applied Load
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Figure 4-12. Flange Stresses vs. Applied Load

The flange and stiffener data provides little information on the experimental
buckling load. Flange stresses appear to be linear, as predicted by beam theory, and
neither the flange nor stiffener data show any significant compressive discontinuities that
would indicate the introduction of anchorage stresses. Rather, it appears that any
compressive stresses due to tension field anchorage increase gradually from initial

loading, which again suggests a gradual transition from beam to TFA shear resistance.
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42.44  Postbuckling Stress Behavior

The experimental web buckling load could potentially be determined through the
web stress behavior that occurs after buckling. As discussed in Chapter 2, Basler
assumes that once the critical shear buckling stress is reached, the shear on the u-v plane
remains constant. Basler derived the postbuckling stresses using an element at the neutral
axis, so the experimental investigation will use Gauge 3, located at the neutral axis in the
center of the test panel. Recall that Basler calculated the angle of inclination of the u-v
plane to be 16.8° for our test panel dimensions.

The experimental shear buckling load is calculated by the intersection of trend
lines that represent the initial slope of the shear stress plot and the stress level at which
the shear becomes constant (Zentz 2002). Figure 4-13 shows the determination of the
experimental shear buckling load for Basler’s u-v plane. Data for all tests can be found
in Results Volume Chapter E (Zentz 2002).

As discussed in Section 4.2.3, it has been observed that the apparent angle of
tension field stresses is equal to the diagonal angle of the shear panel. The angle of
application of tension field stresses is how Basler defines the u-v plane, but that angle
was calculated to be half of the panel diagonal angle. During the analysis of Series I
tests, Rush (2001) found that the tension field stresses acted along the shear panel
diagonal and the experimental stresses more closely matched their theoretical values if )
is taken to be the angle of the panel diagonal. The Series II test analysis also includes
this investigation. The determination of the experimental shear buckling stress for
Rush’s u-v plane is shown in Figure 4-14. Data for all tests is given in Results Volume

Chapter E (Zentz 2002).
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Experimental Data - Beam 6a
Gauge 3 - Shear Stress on u-v Plane (¢ = 16.8°)
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Figure 4-13. Shear Stress vs. Applied Load (Basler u-v Plane)

Experimental Data - Beam 6a
Gauge 3 - Shear Stress on u-v Plane (¢ = 33.7°)
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Figure 4-14. Shear Stress vs. Applied Load (Rush u-v Plane)
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As is apparent from the above charts, the inclination of the u-v plane has a
significant impact on the measured experimental buckling load. For ¢ = 16.8°, the
experimental buckling load is found to be 110.8 kips, compared to 73.7 kips for ¢ =

33.7°. Recall that the theoretical buckling load was calculated to be 82.4 kips.

4.2.4.5 Results of Experimental Web Buckling Investigation

The original purpose of investigating the experimental web buckling load was to
be able to quantify the tension field action shear resistance of the hybrid test girders. It
was found that string pot deflections, discrepancies between rosette strain gauge data
from either side of the web, and anchorage stresses in the transverse stiffeners and
flanges did not show a clear experimental buckling load. Postbuckling stress patterns,
namely the constant shear stress on the u-v plane following buckling, were finally used to
estimate the experimental web buckling load. However, this method is sensitive to the
angle of inclination of the u-v plane. An investigation into the experimental inclination
of the u-v plane is included later in this chapter (see Section 4.4).

The results from the investigation into experimental web buckling for all Series I1
test girders are shown in Table 4-3. Experimental buckling loads were found using the
method shown above for all test girders except Beam 8, for which no experimental
buckling load was found. For Beam 8, the shear stresses on the u-v plane increased
linearly almost until failure for both ¢ = 16.8° and ¢ = 33.7° without becoming constant

or changing slope significantly, so no experimental buckling load could be determined.
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Table 4-3. Experimental Web Buckling Results

Beam 4 Beam 5 | Beam 6a | Beam 6b | Beam?7 Beam 8
Shear Buckling Capacity (kips) 82.4 824 824 82.4 82.4 82.4
% Nominal Shear Capacity (kips) 193.3 193.3 193.3 193.3 193.3 193.3
g Nominal Moment Capacity (kip-ft) | 1385.0 | 13850 | 13850 | 13850 | 13850 | 780.0
" TFA Shear Capacity (kips) 110.9 110.9 110.9 110.9 110.9 110.9
_ | shear Buckiing Capacity (kips) 47.2 72.3 737 88.6 462 NA
% Ultimate Shear Capacity (kips) 201.0 | CTEredWV 1903 190.6 “g’l‘l“uergt Combined b
E; Ultimate Moment Capacity (kip-ft) f;ﬁ?; 1459.7 If’;ﬁﬁ; f;ﬁﬁ; 14383 | 9476
B TFA Shear Capacity (kips) 1538 | MY | q1p6 | 1020 | ‘foment | commen

Notice in Table 4-3 that the experimental tension field action shear capacity is

close to the theoretical values for the beams that failed due to shear (Beams 4, 6a, and

6b). This helps to demonstrate that the current AASHTO tension field action design

equations for homogeneous girders predict the postbuckling shear capacity of hybrid

girders reasonably well. Note that the experimental TFA shear capacity of moment

failures is inconclusive, since these girders do not develop the full TFA capacity before

failing in flexure.

Now that the experimental buckling load and TFA shear capacities have been

determined, the stress analysis needs to show that the experimental stresses in the test

girders behave according to Basler’s tension field action theory in order to verify that the

additional shear capacity beyond beam theory is in fact due to tension field action. The

next section will begin by verifying pure beam behavior at low levels of applied load.
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4.3 Elastic Stresses

In order to verify tension field action behavior in the Series II test girders, it is
necessary to show that the girders initially resist shear in a beam-type manner, as
assumed by Basler. For this purpose, experimental data recorded by the rosette strain
gauges will be compared to beam theory, calculated as demonstrated in Chapter 3.
Experimental data involved in the elastic stress investigation includes x-y plane stresses,
principal stresses, Mohr’s circles to describe the states of stress at a discrete load levels,
and flexural stress distributions.

First, the normal and shear stresses on the x-y plane are plotted as a function of
applied load. The x-y stresses can be compared to theory for every gauge location on the
web in order to verify beam behavior at low load levels. As an example, the x-y stresses
in the elastic range for Gauge 3 are compared to theoretical values in Figure 4-15. The
data for all tests and gauge locations can be found in Results Volume Chapter F (Zentz
2002).

From the data shown in Figure 4-15, it appears that the experimental x-y plane
stresses closely follow the stresses calculated from beam theory at low load levels. At an
applied load of about 40 kips, the x and y normal stresses (both theoretically zero for
Gauge 3) begin to gain tension. This supports the hypothesis that beam-type shear
resistance gradually shifts to tension field action shear resistance beginning with low load
levels. Further inspection of the test data for other gauges and test girders in Results

Volume Chapter F (Zentz 2002) reveals similar trends.
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Experimental & Theoretical Data - Beam 6a
Gauge 3 - x-y Plane Stresses - Elastic
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Figure 4-15. x-y Plane Stresses vs. Applied Load at Gauge 3

Next, principal stresses are computed, as well as the inclination of the principal
plane. The calculations are performed for both theoretical and experimental data at every
web gauge location. The experimental data is expected to closely correlate with beam
theory for low load levels. As the applied shear increases, the experimental data is
expected to differ from beam theory as the shear resistance mechanism gradually shifts
from beam action to tension field action. The principal stresses and orientation of the
principal plane in the elastic range for Gauge 3 are shown in Figure 4-16 and Figure 4-17,
respectively. Refer to Results Volume Chapter G (Zentz 2002) for similar information on

all gauge locations and test girders.
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Figure 4-16. Principal Stresses vs. Applied Load for Gauge 3

Experimental & Theoretical Data - Beam 6a
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Figure 4-17. Orientation of Principal Plane vs. Applied Load at Gauge 3
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Once again, the experimental data closely correlates with beam theory for low
loads, but begins to gradually deviate from beam theory as the applied load increases. As
expected, the principal stresses begin to become more tensile than beam theory,
consistent with tension field action behavior. Also, the orientation of the principal plane
begins to decrease from the theoretical 45° as tension field stresses begin to develop in
the web along the u-axis. Data from Results Volume Chapter G (Zentz 2002) supports
these findings.

Another way to visualize the relationship of experimental stresses to theoretical
stresses is to use Mohr’s circle. Mohr’s circle is useful for displaying the complete state
of stress at a given load level. For the elastic region, the experimental Mohr’s circle can
be compared to theory at every gauge location. As an example, the Moht’s circle for
stress at Gauge 3 is shown for load levels of 20, 40, 60, and 80 kips in Figure 4-18
through Figure 4-21. Mohr’s circle data for other gauge locations and test girders can be

found in Results Volume Chapter H (Zentz 2002).
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Experimental & Theoretical Data - Beam 6a
Gauge 3, P = 20 kips
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Figure 4-18. Mohr’s Circle at Gauge 3 for 20 kip Applied Load
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Experimental & Theoretical Data - Beam 6a
Gauge 3, P = 60 kips
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Figure 4-20. Mohr’s Circle at Gauge 3 for 60 kip Applied Load
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Figure 4-21. Mohr’s Circle at Gauge 3 for 80 kip Applied Load
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The Mohr’s circle data shows that the experimental state of stress is nearly
identical to the theoretical state of stress for lower load levels. As the applied load
increases, the experimental state of stress experiences slightly more tension than
predicted by theory, which again suggests the gradual shift from beam action to tension
field action. Data from Results Volume Chapter H (Zentz 2002) shows similar trends for
other gauges and test girders.

One characteristic of classical beam action is a linear flexural stress distribution.
In order to investigate the experimental flexural stress distribution in the Series II test
girders, a cross section is taken vertically through the center of the test panel, as shown in
Figure 4-22. The x-axis normal stress from Gauge 3 is used directly, but stresses from
gauges on opposite sides of the cross-section are averaged to give an approximate
flexural stress value at the center of the test panel. With a limited number of gauge points
and the use of averaged data, the experimental flexural stress distribution is approximate
at best, but is useful for display and visualization purposes. Figure 4-23 through Figure
4-26 show the flexural stress behavior for Beam 6a in the elastic region. Results Volume

Chapter I (Zentz 2002) shows flexural stress distribution data for all test girders.
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Figure 4-22. Cross Section Used To Calculate Flexural Stress Distribution
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Figure 4-23. Flexural Stress Distribution for 20 kip Applied Load
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Figure 4-24. Flexural Stress Distribution 40 kip Applied Load
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Figure 4-25. Flexural Stress Distribution for 60 kip Applied Load
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Experimental Data - Beam 6a
Flexural Stress Distribution, P = 80 kips
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Figure 4-26. Flexural Stress Distribution for 80 kip Applied Load

The experimental flexural stress distribution data is identical to data provided by
beam theory for low load levels. Notice that, as the applied load increases, the
experimental flexural stress at the center of the cross section is more tensile than the
theoretical value. This is the location where the tension strut will develop through this
cross section. Further discussion of this topic will be left until postbuckling stresses are
investigated in Section 4.4. Results are similar for other test girders, as shown in Results
Volume Chapter I (Zentz 2002), with the exception of Beam 4.

During the analysis of data from Beam 4, the flexural stress distribution showed
that the web stresses were not behaving as predicted. As shown in Figure 4-27, the

flexural stress at the center of the test panel, which is theoretically zero, becomes

122



compressive as the applied load increases. Additional loading increases the compression
at the center of the test panel, which raises the neutral axis toward the tension flange,

which is contrary to theory at the center of the test panel.
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Figure 4-27. Flexural Stress Distribution for Beam 4 at 80 kip Applied Load.

Upon further inspection of Beam 4, it was concluded that the unexpected stress
patterns were due to deep beam action. Deep beam action can occur in beams with a
span-to-depth ratio of two or less, if simply supported (Park & Paulay 1975). Deep beam
action results in a deviation of stress patterns from the classical beam theory. A typical
flexural stress distribution for a simply supported deep beam under uniform load is
shown in Figure 4-28.

123



Uniform Load, w

IRRnnm

Beam Theory A

Neutral Axis Shifts Beam DEpth, h

Deep Beam Flexural Toward Tension Flange

Stress Distribution

W% 1/h <2.0 Simply Supported

I/h < 2.5 Continuous

4——— Span Length,] —————p!

Figure 4-28. Mid-span Flexural Stress Distribution of Simply Supported Deep Beam

Beam 4 has a shear span-to-depth ratio of 657/36” = 1.81. The flexural stress
distribution for Beam 4 at a load of 160 is shown in Figure 4-29. The experimental
flexural stress distribution resembles the distribution for deep beams shown in Figure
4-28. It is believed that the stress patterns present in Beam 4 are due to deep beam
action. The interaction of deep beam action and tension field action is beyond the scope
of this thesis and will not be investigated here. However, the ultimate shear capacity is
still considered valid since the failure mechanism involved web buckling, formation of a
visible tension strut, and formation of a plastic hinge in the compression flange, which is

consistent with a tension field action shear failure.
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Figure 4-29. Flexural Stress Distribution for Beam 4 at 160 kip Applied Load

Several types of data from the elastic range have been presented in this section: x-
y plane stresses, principal stresses, Mohr’s circles, and flexural stress distributions. The
common trend from all this data is that the test girders behave in a beam manner for low
load levels. However, as applied load increases, the stress patterns begin to gradually
shift from beam behavior to tension field action behavior. This behavior is expected
since web buckling does not occur at a defined load level, but it rather slowly buckles

beginning with initial loading.
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Basler assumes that transversely stiffened plate girders initially resist shear in a
beam-type manner, and then tension field action resists any shear load beyond the critical
buckling load. The experimental buckling loads have been determined and the elastic
beam stresses have been verified. The next section will investigate the presence of

tension field action stresses in the postbuckling region.

4.4 Postbuckling Stresses

The final step necessary to demonstrate the tension field action shear capacity of the
Series II test girders is to verify that the postbuckling stresses agree with Basler’s tension
field action theory. The data used to verify the postbuckling stresses includes u-v plane
stresses, principal stresses, Mohr’s circles, and flexural stress distributions.

Basler’s tension field action theory is derived using an element at the neutral axis,
so most of the experimental data used to compare with theory will come from Gauge 3,
located at the center of the test panel. Theory does not provide information in the
postbuckling region on the stress states of elements that are not located on the neutral
axis at the center of a shear panel. Therefore, strain data recorded from gauge locations
other than Gauge 3 is of limited usefulness, since there is no theoretical equivalent with
which to compare.

Recall from Chapter 2 that the theoretical web buckling load is defined as the load
that produces the critical shear buckling stress in an element at the neutral axis. To find
the state of stress at failure, the ultimate tension field stress, Gy, is added to the buckling
state of stress along the u-axis. Basler does not specify how the incremental tension field

stresses develop in the web (i.e. linearly, etc.), so for display purposes, the incremental
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tension field forces will be assumed to increase linearly with applied load from
theoretical buckling until failure. The theoretical stresses on the u-v plane are plotted as a
function of applied load in Figure 4-30 for ¢ = 16.8° and Figure 4-31 for ¢ = 33.7°.

As mentioned earlier in this chapter, it is expected that the experimental shear
resistance of the test girders begins as pure beam action and gradually shifts into tension
field action, rather than the abrupt change in shear resistance suggested by theory. Also,
it 1s expected that the tension field stresses act along the diagonal of the shear panel, so
the experimental data is expected to relate more closely to the theoretical stresses
calculated with ¢ = 33.7°. Figure 4-32 through Figure 4-37 compare the u-v plane

stresses for ¢ = 16.8° and ¢ = 33.7°. Similar data for other test girders is given in Chapter

R10 (Zentz 2002).
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Figure 4-30. Theoretical u-v Plane Stresses for ¢ = 16.8°
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Theoretical Data
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Figure 4-31. Theoretical u-v Plane Stresses for ¢ = 33.7°
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Figure 4-32. u-axis Normal Stress for ¢ = 16.8°
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Figure 4-33. u-axis Normal Stress for ¢ = 33.7°
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Figure 4-34. v-axis Normal Stress for ¢ = 16.8°
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Figure 4-35. v-axis Normal Stress for
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Figure 4-36. u-v Plane Shear Stress for ¢ = 16.8°
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Experimental & Theoretical Data - Beam 6a
Gauge 3 u-v Plane Shear Stress (¢ = 33.7°)
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Figure 4-37. u-v Plane Shear Stress for ¢ = 33.7°

From the u-v plane stress data, it appears that the experimental data matches the
theoretical data reasonably well. As expected, the transition from beam action to tension
field action is more gradual for the experimental data than the theoretical data. Also, the
experimental data appears to more closely resemble the theoretical data for ¢ = 33.7°.
This is especially true for the shear stress on the u-v plane, which was used to determine
the experimental web buckling load in Section 4.2.4. Data from Results Volume Chapter
J (Zentz 2002) gives similar results.

Next, principal stresses can be easily calculated from the u-v plane stresses above
and plotted against theoretical values. More importantly, the inclination of the principal
plane can also be computed and compared to theory. Since an element located at the

neutral axis is theoretically subject to pure shear prior to buckling, the inclination of the
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principal plane for this element should theoretically be 45° from the horizontal (x-axis).
As tension field stresses become more prominent, the inclination of the principal plane
should asymptotically approach the angle at which the tension field stresses are acting.
This should verify the angle at which tension field stresses act. Figure 4-38 through
Figure 4-43 compare the principal stresses and angles for ¢ = 16.8° and ¢ = 33.7°.

Similar data for all test girders can be found in Results Volume Chapter K (Zentz 2002).

Experimental & Theoretical Data - Beam 6a
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Figure 4-38. Major Principal Stress for ¢ = 16.8°
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Figure 4-39. Major Principal Stress for ¢ = 33.7°

Experimental & Theoretical Data - Beam 6a

Gauge 3 Minor Principal Stress (¢ = 16.8°)

\\\*59-“\ 100

180,

Applied Load, P (kips)

Figure 4-40. Minor Principal Stress for ¢ = 16.8°
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Experimental & Theoretical Data - Beam 6a
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Figure 4-43. Orientation of Principal Plane for ¢ = 33.7°

There is very little difference in the theoretical principal stress data for ¢ = 16.8°
and ¢ = 33.7°, so the experimental data matches reasonably well with both sets. The
important point of the principal stress data is the orientation of the principal plane. The
inclination of the principal plane should start at 45° for an element at the neutral axis and
then it should approach the angle of tension field stresses as they become more
pronounced at higher load levels. The experimental data begins at about 48° and
approaches 34° just prior to failure. For this reason, it appears that the inclination of the
u-v plane is equal to the angle of the panel diagonal (33.7°) at the failure state, since the

u-v plane is defined as the plane on which tension field stresses are applied to obtain the
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failure state of stress from the buckling state of stress. This also implies that the u-v
plane is concurrent with the principal plane at failure for an element at the neutral axis.
This is logical, since at failure, the tension field stresses are at a maximum and would
tend to dominate the state of stress at the neutral axis where there are no flexural stresses
with which to interact. Data from other tests resulting in shear failures, given in Results
Volume Chapter K (Zentz 2002), generally support these findings. Moment failures do
not fully develop the tension field stresses, so the orientation of the principal plane does
not reach the angle of the panel diagonal, but the principal plane does shift toward the
panel diagonal at low load levels.

Using Mohr’s circle to display the state of stress at a discrete load levels, the
development of stresses on all planes can be observed. Since only the buckling and
failure states are theoretically defined, it is not possible to compare experimental data to
theory at every load level. Rather, the development of stresses can be observed as the
experimental Mohr’s circle develops from the theoretical buckling to the theoretical
failure state. The development of experimental stresses at the center of the test panel for
Beam 6a from initial loading through the theoretical buckling and failure states is shown
in Figure 4-44 through Figure 4-59. Due to the findings from the principal stress data,
the Mohr’s circle data is only shown for ¢ = 33.7°. Mohr’s circle data for other test

girders is given in Results Volume Chapter L (Zentz 2002).
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Figure 4-45. Mohr’s Circle at 40 kip Applied Load
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Figure 4-46. Mohr’s Circle at 60 kip Applied Load
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Figure 4-47. Mohr’s Circle at 80 kip Applied Load
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Figure 4-48. Mohr’s Circle at 100 kip Applied Load
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Figure 4-49. Mohr’s Circle at 120 kip Applied Load
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Figure 4-51. Mohr’s Circle at 160 kip Applied Load
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The experimental Mohr’s circle data agrees reasonably well with Basler’s tension
field action theory using ¢ = 33.7°. Note that the experimental v-axis state of stress
increases with applied load until it is nearly concurrent with the Basler buckling state of
stress, and then remains stationary, consistent with Basler’s theory. Also notice that the
u-v plane approaches the principal plane as the girder nears failure. Data from other test
girders displays similar results (see Results Volume Chapter L (Zentz 2002)).

As with elastic stresses, the flexural stress distribution can also be a useful display
tool for postbuckling stresses. Even though it is qualitative, the flexural stress
distribution is useful for demonstrating the effect of tension field action stresses on the
cross section. With more gauge locations, it would also be possible to measure the
experimental tension field bandwidth as the tension field develops. However, with only a
few gauge locations as in the Series II tests, the bandwidth cannot be measured, but the
effects of the tension field on the flexural stress distribution can be visualized. F igure
4-54 through Figure 4-59 show development of flexural stresses from an applied load of
100 kips through failure. Refer to Section 4.3 for flexural stress data at lower levels of
applied load. Complete flexural stress data for all tests is given in Results Volume

Chapter I (Zentz 2002).
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Figure 4-54. Flexural Stress Distribution for 100 kip Applied Load
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Figure 4-55. Flexural Stress Distribution for 120 kip Applied Load
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Figure 4-56. Flexural Stress Distribution for 140 kip Applied Load
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Figure 4-57. Flexural Stress Distribution for 160 kip Applied Load
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Figure 4-58. Flexural Stress Distribution for 180 kip Applied Load
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Figure 4-59. Flexural Stress Distribution for 190 kip Applied Load (Failure)

145




For a qualitative comparison, it is assumed that the flexural stress effects from
beam and tension field action can be superimposed. As shown in Figure 4-60, the linear
flexural stress distribution is added to the x-axis component of Basler’s assumed tension
field, resulting in the flexural stress distribution shown. Given the few data points
available for the Series II tests, the theoretical distribution resembles the experimental

distribution as the girder nears failure.

I -

Cross Section Tension Field Pure Beam Flexural Combined
Flexural Stress ~ Component of Flexural Stress
Tension Field  Distribution

Figure 4-60. Theoretical Flexural Stress Distribution from Superposition

Experimental data including u-v plane stresses, principal stresses, Mohr’s circles, and
flexural stress distributions have been used to verify the postbuckling stresses in the
Series II test girders. The stresses generally correspond reasonably well with Basler’s
tension field action theory, with the exception that the angle of inclination of the u-v

plane was found to be equal to the diagonal angle of the shear panel.
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4.5 Impact of TFA in Hybrid Girders

Goessling (2002) examined the impact of allowing tension field action and
eliminating the moment-shear interaction reduction on a suite of typical steel girder
bridges. She designed 16 bridges and determined the number of intermediate shear
stiffeners required for various bridge configurations (Table 4-4). The spans varied
between two and three with two different span length combinations each. She considered

girder spacing in terms of number of girders, and web slenderness ratios.

Table 4-4. Stifffener Design Using TFA in Hybrid Girder Bridges

50 ksi | HPS70W # of Stiffeners
Bridge # of Girders Steel Steel Ditw No TFA TFA saved % Saved | $ Saved
t t # # ind TFA ina TEA $200 per
2 Span ons ons Stiffeners | Stiffeners [ YS9 using stiffener
186 2 $2,800
120'-120' $11,200
160'-160'
3 Span
120'-150'-120]
oeast 1 &
7 11006 120.7 500%
160200160 0B ,
8

Goessling compares the total number of stiffeners required, including bearing
stiffeners, for restricting the hybrid designs to the shear buckling capacity (no TFA) with
the reduced number required if TFA is allowed without a reduction for moment-shear
interaction. She assumes a stiffener cost of $200 per stiffener to arrive at a total savings.

In addition to fewer details and a more consistent design, the savings can be significant.
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4.6 Summary

The objective of this chapter was to determine the experimental tension field
action shear capacity of the Series II hybrid plate girders, verify that the capacity is
indeed due to tension field action stresses, and compare the results to theoretical values
from Basler’s tension field action theory. Through physical observation of the Series II
tests, the ultimate shear capacity and interaction characteristics of the test girders were
investigated, and the tension field action contribution to shear resistance was quantified.
The data taken from the tests was used to verify both the elastic and postbuckling stresses
present in the test girders in order to verify the presence of tension field action.

The experimental tension field action shear capacities of the Series II test girders
have been determined and the tension field stresses have been verified. The ultimate
shear capacities of the hybrid test girders were found to be accurately predicted by
AASHTO’s current design equations for homogenous sections, neglecting moment-shear
interaction reductions. There was no evidence of significant moment-shear interaction
that would require reducing the shear capacity as is currently prescribed in AASHTO.
The stress patterns present in the test girders correspond well with Basler’s tension field
action theory, with the exceptions that the angle of inclination of the u-v plane was found
to be equal to the diagonal angle of the shear panel, and the transition from beam action
to tension field action begins at low load levels and is more gradual than suggested by
theory. The following chapter will draw conclusions based on the observations made

from the experimental data.
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Chapter 5 - Summary and Conclusions

5.1 Summary

High Performance Steel, in particular HPS70W, has been used in hundreds of
bridges across the United States. A large percentage of these bridges have used the HPS
in the form of hybrid girder designs. Bridge studies (Barker and Schrage 2000) have
shown that the most beneficial use of HPS70W (70 ksi) is in the flanges of hybrid girders
with 50 ksi webs. One limit with hybrid girder design, which decreases the beneficial
aspects, is that tension field action (TFA) is not allowed when determining the shear
capacity. This is a severe shear capacity penalty for using hybrid girders. Limiting
hybrid shear capacities to the shear buckling capacity results in more transverse stiffeners
required (closer spacing) for a hybrid girder than that for a homogeneous girder. This not
only increases material costs, but significantly increases fabrication costs.

The objective of this research is to validate the tension field action behavior in hybrid
plate girders. The goal is to allow TFA in hybrid girders resulting in more economical
design of steel bridges.

The work conducted for this research covers several topics in tension field action
and moment-shear interaction of plate girders. The first effort concentrated on the
original shear capacity theoretical derivations (Basler 1961a) and the impact of using
hybrid girders. Proposed theoretical lower bound shear capacity procedures were
developed for moment-shear interaction that represent the equivalent AASHTO equations

for hybrid girders (Barker et al 2002, Hurst 2000).
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Two series of tests were designed (Hurst 2000) and tested to determine the hybrid
girder shear capacity and study the tension field behavior of homogeneous and hybrid
girders. Series [ test specimens were homogeneous and hybrid girders tested under high
shear and low moment conditions. Results from Series I testing are published in two
separate theses (Schreiner 2001, Rush 2001). Series II test specimens were designed and
tested to study the effect of moment-shear interaction. Results from Series II testing are
published in two separate theses (Zentz 2002, Davis 2002). Finally, Goessling (2002)
studied an array of practical bridge designs to study the impact of allowing TFA in hybrid
girders.

This report includes a thorough presentation of tension field action and moment-
shear interaction in plate girders, and in particular hybrid plate girders. It presents a
comprehensive presentation on the Series I1 test girders with a detailed analysis and
examination of the test behaviors. The report only uses the overall results of the Series I
test girders.

In this Summary, there are a few important results that need to be presented
clearly. Hybrid steel girders exhibit tension field action according to current AASHTO
shear capacity provisions. Using the original moment-shear interaction derivations, this
research has produced a theoretical lower-bound moment-shear interaction equation for
hybrid girders that is equivalent to the current AASHTO moment-shear interaction
requirement for homogeneous girders. However, the results of the experimental tests
have also shown that there is no moment-shear interaction for these plate girders.
Aydemir (2000) agrees after many finite element analyses of a parametric suite of plate

girders. Table 5-1 summarizes the Series I and Series II test girder results. All of the
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tests show that hybrid girders exhibit tension field action according to the current

AASHTO specifications. Figure 5-1 shows the test results plotted against the AASHTO

and proposed hybrid girder moment-shear interaction requirements. The girders all

demonstrated that the capacities exceeded expectations and that a moment-shear

interaction reduction is not necessary.

Table 5-1. Tension Field Action Experimental Results

BEAM | Test V/Vn | M/Mn | Theoretical Experimental | Remarks
Girder Total Shear Shear Capacity | (failure
Capacity (kips) | (kips) mode)
. 1 50-50 1.07 193 205 Shear
8 | 2 70-70 | >1.05 208 >218 Shear
g 3a | 50-70 1.10 | Low 193 211 Shear
3b | 50-70 1.08 193 207 Shear
4 50-70 1.04 | 0.79 193 201 Shear
— |5 50-70 0.78 1.05 193 151 Moment
» | 6a | 50-70 098 | 0.93 193 190 Shear
5 | 6b | 50-70 0.99 | 0.93 193 191 Shear
27 50-70 0.45 1.04 193 86 Moment
8 50-50 0.95 1.16 193 183 Mom/Shear
1.2
o 50-50
50-70 50-70
1 ¢ — Barker
50-70 —— AASHTO
50-70 e 50-50
0.8 — | e 5070
Current Extended
Capacity Capacity P 5070 ® 70-70
S 05| 5070 Hybrid * 5070
= o 50-50 » 50-50
¢ 50-70
0.4 —— |-=-5070
soe TN | e 5070
0.2 7070 | | & 50-70
No Fail = 50-70
0 : = ; :
0 0.2 0.4 0.6 0.8 1 1.2
ViVn

Figure 5-1. Test Results Compared to AASHTO & Proposed Moment-Shear Interactions
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5.2 Project Conclusions and Recommendations

This research, in conjunction with research at Georgia Tech (Aydemir 2000), found
that tension field action shear capacity is fully applicable to hybrid girders. The
AASHTO shear capacity equations are accurate for hybrid girders and that there is not a
moment-shear interaction for any plate girder, whether homogeneous or hybrid.
Allowing tension field action in hybrid plate girders and removing the moment-shear
interaction for all plate girder designs would be a major advancement for steel bridge

design.
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