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FOREWORD

Broad-based advancements in concrete materials have led to significant enhancements in the
performance of lightweight concrete (LWC). Although the value of using LWC within the
constructed infrastructure is clear, decades-old performance perceptions continue to hinder wider
use of the concrete. Additionally, the lack of modern updates to structural design provisions

for LWC has perpetuated additional barriers to the use of LWC. In 2007, the Federal Highway
Administration (FHWA) began an investigation of the structural performance of modern
LWCs.*? The study described in this report engaged the academic as well as the public- and
private-sector communities to compile the body of knowledge on LWC while also conducting
nearly 100 full-scale structural tests on LWCs.

This report presents the results of shear tests on high-strength LWC prestressed girders as well as
a compilation of data available from the literature. It also provides potential revisions to the
American Association of State Highway and Transportation Officials Load and Resistance
Factor Design Bridge Design Specifications with a focus on nominal shear resistance and the
resistance factor for LWC in shear.® This report corresponds to the TechBrief, Lightweight
Concrete: Shear Performance.® This report will provide valuable information for researchers
interested in the shear performance and reliability of LWC.

Cheryl Allen Richter, P.E., Ph.D.
Director, Office of Infrastructure
Research and Development

Notice
This document is disseminated under the sponsorship of the U.S. Department of Transportation
(USDOT) in the interest of information exchange. The U.S. Government assumes no liability for
the use of the information contained in this document.

The U.S. Government does not endorse products or manufacturers. Trademarks or
manufacturers’ names appear in this report only because they are considered essential to the
objective of the document.

Quality Assurance Statement
The Federal Highway Administration (FHWA) provides high-quality information to serve
Government, industry, and the public in a manner that promotes public understanding. Standards
and policies are used to ensure and maximize the quality, objectivity, utility, and integrity of its
information. FHWA periodically reviews quality issues and adjusts its programs and processes to
ensure continuous quality improvement.
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CHAPTER 1. REPORT INTRODUCTION

INTRODUCTION

Much of the fundamental basis for the current lightweight concrete (LWC) provisions in the
American Association of State Highway and Transportation Officials (AASHTO) Load and
Resistance Factor Design (LRFD) Bridge Design Specifications is based on research of
LWC from the 1960s.35® The LWC that was part of this research used traditional mixes of
coarse aggregate, fine aggregate, portland cement, and water. Broad-based advancements in
concrete technology over the past 50 yr have given rise to significant advancements in concrete
mechanical and durability performance. Research during the past 30 yr, including the recent
National Cooperative Highway Research Program (NCHRP) studies on different aspects

of high-strength concrete, has resulted in revisions to the AASHTO LRFD Bridge Design
Specifications to capitalize on the benefits of high-strength normal-weight concrete
(NWC).C113) However, as described by Russell, many of the design equations in the
AASHTO LRFD Bridge Design Specifications are based on data that do not include tests of
LWC specimens, particularly with regard to structural members with compressive strengths
in excess of 6 ksi (41 MPa).?

The Federal Highway Administration’s (FHWA) Turner-Fairbank Highway Research Center
(TFHRC) has executed a research program to investigate the performance of LWC with concrete
compressive strengths in the range of 6 to 10 ksi (41 to 69 MPa) and equilibrium densities
between 0.125 and 0.135 kip per cupid foot (kcf) (2,000 and 2,160 kg/m?®). The research program
used LWC with three different lightweight aggregates that are intended to be representative of
those available in North America. The program included tests from 27 precast/prestressed LWC
girders to investigate topics including transfer length and development length of prestressing
strand, the time-dependent prestress losses, and shear strength of LWC. The development and
splice length of mild steel reinforcement used in girders and decks made with LWC was also
investigated using 40 reinforced concrete (RC) beams. While much of the research program
focused on structural behavior, it also included a material characterization component wherein
the compressive strength, elastic modulus, and splitting tensile strength of the concrete mixtures
used in the structural testing program were assessed. One key outcome of the research program is
to recommend changes to the AASHTO LRFD Bridge Design Specifications relevant to LWC.®

This report describes the results of 30 shear tests on 15 prestressed girders used to evaluate the
shear resistance of high-strength LWC. The LWC prestressed girders tested in this study are
included in an internal database of shear tests on LWC and NWC specimens that were collected
from test results available in the literature.* This document describes the database and the
analysis of the database. Design expressions in the current edition of the AASHTO LRFD
Bridge Design Specifications are compared to the database.® This report also presents
potential revisions to the AASHTO LRFD Bridge Design Specifications relating to LWC.

The ACI-DAfSth database is not publicly available. For a list of available sources, see Bibliography section
NWC Sources for ACI-DafStb Database.



REPORT OBJECTIVES

This report has four main objectives. First, it provides the results of 30 shear tests on LWC
prestressed girders conducted at TFHRC. Second, it describes the internal database, including
the TFHRC test results and the analysis of the database. Third, the report presents the reliability
analysis performed to evaluate the reduction factor for LWC in shear. Finally, it develops and
presents potential revisions to the AASHTO LRFD Bridge Design Specifications relating to the
nominal shear resistance with a focus on the performance of LWC.®

REPORT ORGANIZATION

This report is organized as follows:
Chapter 2 presents introductory material that summarizes the properties of LWC, the
treatment of LWC in the AASHTO LRFD Bridge Design Specifications, the mechanism

of shear transfer, the factors affecting shear resistance, and the design expressions for
nominal shear resistance in the AASHTO LRFD Bridge Design Specifications.®

Chapter 3 describes the shear tests of LWC prestressed girders, summarizes the test
results, and provides a discussion of the results.

Chapter 4 includes a description of the shear resistance database as well as statistical
information about the database.

Chapter 5 provides an analysis of the database and comparisons of the shear resistance
predicted by design expressions to the shear resistance determined from the tests in the
database.

Chapter 6 describes a reliability analysis to evaluate the resistance factor for LWC in
shear.

Chapter 7 includes potential revisions to the AASHTO LRFD Bridge Design
Specifications.®

Chapter 8 provides concluding remarks.
Appendix A provides the material properties for the reinforcing bars.

Appendix B provides a list of all of the LWC specimen names in the TFHRC shear
database.

Appendix C provides a list of all of the NWC specimen names in the ACI-DafStb
database.

Appendix D provides derivations for selected equations used in the reliability analysis.

Appendix E provides statistical parameters for LWC tests excluded from the reliability
analysis.



Appendix F provides the drawings for the prestressed concrete (PC) girders tested at
TFHRC.

Appendix G provides details for obtaining the draft version of the research data contained
therein.

The References provides a list of sources found throughout the report, while the
Bibliography includes all available source information for the two databases
(i.e., TFHRC shear database and ACI-DafStb database).

Note that throughout the report, stress and elastic modulus are shown in kilopounds per square
inch (ksi), and unit weight is shown in kcf for all expressions unless stated otherwise. Sl units are
provided in parentheses for values in the text, and conversion factors are provided for values in
the tables. In some equations, U.S. customary units are intentional. If working in metric units,
readers should convert variables to U.S. customary units first, apply the equation, and then
convert it back to Sl units.

SUMMARY OF PRELIMINARY RECOMMENDATIONS

Several revisions to the AASHTO LRFD Bridge Design Specifications related to shear resistance
of LWC in shear are proposed in this report.®® The revisions involve the expressions for nominal
resistance of LWC in shear, the expression for minimum shear reinforcement, and the resistance
factor for LWC in shear. The proposed revisions are based on the recommendations made in
previous documents that are a part of this research effort.:2 The previous recommendations
relate to the definition of LWC and a modification factor for LWC. The definition of LWC

was proposed to include concrete with lightweight aggregates up to a unit weight of 0.135 kcf
(2,160 kg/m?), which is considered the lower limit for NWC. Also, the terms “sand-lightweight
concrete” and “all-lightweight concrete” were removed in the proposed definition to allow other
types of LWC mixtures. An LWC modification factor was proposed to potentially allow a more
unified approach of accounting for the mechanical properties of LWC in the AASHTO LRFD
Bridge Design Specifications.®

The proposed LWC modification factor is included in the proposed expressions for nominal
resistance of LWC in shear and the proposed expression for minimum shear reinforcement.
The validation of the proposed revisions is described in chapters 5 and 6. The proposed code
language is presented in chapter 7.






CHAPTER 2. BACKGROUND

INTRODUCTION

This chapter provides background information relevant to the focus of the research effort. It
begins with a description of the mechanical properties of LWC, the gap of equilibrium densities
on the AASHTO LRFD Bridge Design Specifications, and the LWC modification factor.®) The
rest of the chapter covers the shear strength of LWC, including the mechanism of shear transfer,
factors that affect shear resistance, and design expressions for nominal shear resistance in the
AASHTO LRFD Bridge Design Specifications.®

MECHANICAL PROPERTIES OF LWC

The aggregate in LWC can either be manufactured or natural with a cellular pore system
providing for a lower density particle. The density of lightweight aggregate is approximately
half that of normal-weight rock. The reduced dead weight of the LWC has many benefits in
building and bridge construction such as smaller, lighter members; longer spans; and reduced
substructure and foundation requirements.®®)

As compared to NWC, LWC tends to exhibit a reduction in tensile strength. This difference

is generally attributed to the characteristics of the lightweight aggregate. The performance of
concrete structures is affected by the tensile strength of concrete in several significant ways. The
reduced tensile strength of LWC can affect the shear strength, cracking strength at the release of
prestress, and bond strength of prestressed and nonprestressed reinforcement.®%)

EQUILIBRIUM DENSITY GAP IN AASHTO LRFD BRIDGE DESIGN
SPECIFICATIONS®

According to the AASHTO LRFD Bridge Design Specifications, LWC is defined as concrete
having lightweight aggregate and an air-dry unit weight less than or equal to 0.120 kcf
(1,920 kg/m?®), while NWC is defined as having a unit weight of 0.135 to 0.155 kcf (2,160
to 2,480 kg/m?®).®® Concretes in the gap of densities between 0.120 and 0.135 kcf (1,920 to
2,160 kg/m?®) are commonly referred to as “specified density concrete” (SDC) and are not
directly addressed by the AASHTO LRFD Bridge Design Specifications.®® SDC typically
contains a mixture of normal-weight and lightweight coarse aggregate.

Modifications to the AASHTO LRFD Bridge Design Specifications are needed to remove the
SDC-related ambiguity, give the designer the freedom of specifying a slightly lower density
than NWC, and allow for appropriate design with SDC.® The inclusion of SDC into the
AASHTO LRFD Bridge Design Specifications could take many forms but would likely
require modifications to both terminology and design expressions.

MECHANISM OF SHEAR TRANSFER IN RC BEAMS

The mechanism of shear transfer depends on whether the beam is cracked or uncracked and
whether it is reinforced or unreinforced in the transverse direction. In concrete beams without
shear reinforcement, the shear is transferred by developing shear stresses in the uncracked



concrete, through interface shear transfer across a crack, and by dowel action of the longitudinal
reinforcement. If the load is applied near the support, arching action may also develop. In
concrete beams with reinforcement in the transverse direction, a portion of the shear is
transferred by the shear reinforcement. The shear reinforcement also increases the shear
transferred through interface shear and dowel action.

Shear Stress in Uncracked Concrete

Uncracked beams or the uncracked portions of beams transfer the shear by developing shear
stresses in combination with compressive stresses due to bending. Before cracking, the entire
vertical shear force is transferred through a parabolic shear stress distribution. Experimental
work has shown that after cracking, between 20 and 40 percent of the total shear was transferred
in the uncracked compression zone.*4

Interface Shear Transfer

Sometimes referred to as “aggregate interlock,” interface shear transfer is the transfer of a
portion of the total shear across a crack due to surface roughness. Interface shear transfer resists
slippage or relative movement along the crack. Experimental work has shown that after cracking,
between 33 and 50 percent of the total shear was transferred through interface shear.4

Walraven performed a study on the fundamental behavior of interface shear transfer.*> The
study showed that the mechanism of interface shear transfer is dependent on the crack width and
shear displacement. Other important variables are the aggregate size, concrete strength, friction
coefficient between aggregate and cement paste, and fraction and grading of the aggregate. The
shear that can be transferred across a crack is reduced as the crack width increases, the aggregate
size decreases, and the shear displacement increases. The shear resistance of specimens with a
higher compressive strength or a larger fraction of coarse aggregate was greater for a given crack
width or shear deformation. Walraven concluded that the concrete stress is the most important
factor in determining the resistance of the crack faces to shear deformation, even more so than
the aggregate size.*> He also concluded that a considerable part of the shear transfer occurs due
to friction between the crack faces.

Dowel Action

Some of the shear is resisted by doweling force in the longitudinal reinforcement. The doweling
force can result in longitudinal splitting cracks running along the length of the bar. These
splitting cracks reduce the stiffness of the concrete around the bar and, as a result, the portion
of the shear force transferred by dowel action. Splitting cracks resulting from dowel action can
reduce the interface shear transfer. In beams, the dowel shear force is not typically dominant,
and experimental work has shown that, after cracking, only 15 to 25 percent of the total shear
was transferred through dowel action.*

Arching Action

In beams with a concentrated load near the support, a portion of the vertical shear is transferred
directly to the support by what is known as “arching action.” Arching action produces a strut of



compressive stress from the applied load to the support and is kept in equilibrium by a tensile
force developed in the longitudinal reinforcement.®¥

Shear Reinforcement

Transverse shear reinforcement in a beam, or stirrups, carries a portion of the total shear by
acting as part of a truss. The concrete between the diagonal cracks carries compression, and the
stirrups and longitudinal reinforcement carry the tension. The stirrups also resist the widening of
the diagonal cracks, which has the effect of increasing the shear transferred by interface shear
transfer and holds the longitudinal bars, which increases the shear transferred by dowel action.¥

MODES OF SHEAR FAILURE

An inclined diagonal crack forms as the principle stress exceeds the concrete tensile strength.®®
Shear failure modes are characterized by the occurrence of inclined cracking. Inclined cracking
that occurs independently of a flexural crack is known as a “web-shear crack,” while inclined
cracking that occurs as an extension of a flexural crack is known as a “flexure-shear crack.”
After the occurrence of the primary shear or flexural crack, secondary cracks can occur due

to dowel action or slip between the concrete and longitudinal reinforcement.®”)

For beams under concentrated loads, failure modes are strongly influenced by the ratio of the
shear span (a) to the effective shear depth (dv). The ratio of the web thickness to the width of
the tension flange and the presence of prestressing will also influence the failure mode.

Deep Beams

Beams with a rectangular cross section and a/dy < 1 can be considered deep beams. After
inclined cracking, arching action becomes the dominant shear transfer mechanism. Failure
can occur by loss of anchorage of the longitudinal reinforcement, concrete crushing above
the suE)por)t reaction, or compression or tension failure of the concrete arch above the inclined
crack. 417

Short Beams

Beams with a rectangular cross section and 1 < a/dy < 2.5 generally develop an inclined crack as
an extension of a flexural crack. As the load increases, the inclined crack progresses toward the
point of concentrated applied load application. A secondary crack can form from the inclined
crack downward to the longitudinal reinforcement and then extend horizontally toward the
support. The horizontal crack can be due to dowel action and can contribute to loss of
anchorage.41")

Failure of short beams may occur as a loss of anchorage and is termed a “shear-tension failure.”
Failure may also occur by concrete crushing over the upper end of the inclined crack and is
termed a “shear-compression failure.”417)



Long Beams

Beams with a rectangular cross section and a/dy > 2.5 form several flexural cracks first. An
inclined crack will form as an extension of the flexural cracks. Beams without stirrups tend to
fail immediately after the first inclined crack in a diagonal tension failure. Beams with stirrups
tend to fail in shear-compression or flexure.47

I-Beams

Beams with an I-shaped cross section have increased shear stress due to thinner webs. The
inclined cracks tend to be straighter than in beams with rectangular cross sections. In 1-beams
with very thin webs or in prestressed I-beams, inclined cracks may occur before flexural
cracking. In I-shaped beams with stirrups, the shear force may crush the concrete struts

after inclined cracking. This is termed “web-crushing failure.”4

SHEAR CRACKING STRENGTH OF REINFORCED AND PRESTRESSED BEAMS

This section describes the mechanism causing the formation of web-shear and flexure-shear
cracks. The empirical expressions developed to predict web-shear and flexure-shear cracking
are presented.

Web Shear Cracks

Web shear cracks typically only occur in prestressed I-beams. They form near the neutral axis
of the beam after the principle tensile stress has been exceeded. The approximate expression
used in American Concrete Institute (ACI) 318-63 for the web-shear cracking strength is given
by equation 1.4®) This expression assumes the concrete tensile strength is 3.5Vf'c, where f'; is the
concrete compressive strength in reference to material test values and specified compressive
strength (ksi), and is given in the form presented by ACI-ASCE Committee 426.4
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Where:

Vew = average shear stress at inclined cracking (psi).

fpc = compressive stress at the centroid of the concrete after all prestress losses have occurred
(psi).

Vp = component of the effective presstressing force in the direction of the applied shear (Ib).
bw = width of member’s web (inches).

dp = distance from compression face to the centroid of the prestressing steel (inches).

Flexure-Shear Cracks

Before the formation of the inclined crack, the concrete between the flexural cracks or “teeth”
experience bending and shearing. These forces are due to the variations in steel stress on either
side of the tooth. Shear is transferred by dowel action and interfacial shear stress between the
teeth. The inclined cracks that develop at the end of the flexural crack are dependent on the a/dy



ratio, the height of the flexural crack, and the amount of shear transferred by dowel action and
interfacial shear stress.

Several expressions have been traditionally used to predict flexure-shear cracking in RC
beams. The first expression, proposed by Viest and ACI-ASCE Committee 326, is given by
equation 2.%29) A second expression, given by equation 3, was proposed by Bresler and
Scordelis as a simplification of equation 2.V

. C ! M ' C

V¢ = nominal shear resistance provided by tensile stresses in the concrete (Ib).

b = width of the compression face of a rectangular member (inches).

d = distance from the compression face to the centroid of the tension reinforcement.
p = reinforcement ratio.

V4 = shear force at the section due to unfactored dead load (Ib).

M = applied moment (Ib-inch).
V, = bd (2.0 JE) @)

For prestressed beams, an expression for the inclined cracking load was proposed by MacGregor
and is given by equation 4.7?2 The first term in equation 4 represents the load to cause flexural
cracking at a point along the shear span. The second term represents an additional increment of
shear required to cause the inclined crack.

_ MCI’ 1 '
Vg = +0.6b,d [ <1.7 |f' b,d (4)
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Where:

V¢ = nominal shear resistance provided by concrete when inclined cracking results from
combined shear and moment (Ib).

Mecr = flexural cracking moment (Ib-inch).

V = applied shear force (Ib).

FACTORS AFFECTING SHEAR STRENGTH

This section describes three factors that affect shear strength: the ratio of shear span to beam
depth, the depth of the beam, and lightweight aggregate. The effect that other factors, such as
concrete strength and aggregate size, have on the shear transfer mechanism were described
previously in the Interface Shear Transfer section of this chapter.



Shear Span to Beam Depth Ratio

As described previously in the Modes of Shear Failure section of this chapter, the a/dy ratio has
considerable effect on the shear resistance of a beam. For beams with an a/dy ratio greater than
2.5 or 3, inclined cracking occurs as an extension of flexural cracks. As the a/dy ratio decreases
below 2.5, some of the vertical applied load is transferred directly to the support through arching
action. As the a/dy ratio becomes smaller, a larger fraction of the vertical load is transferred to
the support, which has the effect of increasing the average shear stress at failure. The failure
mode also changes from diagonal tension failures at large a/dy ratios, shear-compression and
shear-tension failures (i.e., anchorage failures) at intermediate a/dy ratios, and failures related to
the compression arch for short a/dy ratios.¥

Beam Depth

Since the 1960s, there has been much research on the effect that beam size has on shear strength.
Many studies have shown that for beams without stirrups, the shear stress at failure reduces as
the beam depth increases.®® This is commonly referred to as “size effect.” Size effect in beams
without shear reinforcement is not considered in the provisions of the ACI 318-11 building
code.® In the AASHTO LRFD Bridge Design Specifications, some of the methods to predict
shear resistance include the effect of depth for members without shear reinforcement.® Size
effect in beams with shear reinforcement is usually considered to be minimal. Neither the
AASHTO LRFD Bridge Design Specifications nor the ACI-318-11 building code includes the
effect of beam depth in members with shear reinforcement. 323

Lightweight Aggregate

This subsection provides a summary of some of the research on shear strength of LWC beams.
Most of the studies saw a reduction in the average shear stress at failure for LWC beams when
compared to similar NWC beams.®

A study by Hanson showed that the average shear stress at failure of LWC RC beams without
stirrups was between 60 and 100 percent of the stress of comparable NWC beams.® The results
of the study also showed a good correlation between the splitting tensile strength of cylinders
and the shear strength of the LWC beams.

Research by Ivey and Buth proposed factors of 0.75 for all-lightweight concrete and 0.85 for
sand-lightweight concrete as a conservative method to account for the shear strength of the RC
beams without stirrups considered in their study.?*

LWC T-beams tested by Hamadi and Regan failed at a lower average shear stress than similar
NWC beams in their study.®® Also, increases in the amount of stirrups in their LWC beams did
not result in similar increase in shear stress at failure as similar NWC beams.

Large RC I-beams without stirrups were tested by Walraven and Al-Zubi. The study compared
LWC and NWC beams with different amounts of longitudinal reinforcement.®® The LWC
beams had similar shear strengths as the NWC beams in their study. Walraven and Al-Zubi
concluded that, although the shear cracks went through the aggregate, the irregular shape of the
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crack faces was still able to transfer shear stress. The resulting measured shear displacements
along the inclined cracks in the LWC beams was approximately twice that of the NWC beams.

HISTORICAL DESIGN METHODOLOGIES FOR SHEAR

It is common for design codes to ignore the interaction of shear and flexure and design for the
worst case of flexure and shear separately.®”) This is the case for the ACI 318-95 building code,
where the interaction is accounted for by extending the cut-off locations of the longitudinal
reinforcement.®®)

A truss model has been used for the design of RC beams with stirrups. The model (commonly
referred to as the “45-degree truss model”) consists of two parallel chords with inclined
compression diagonal inclined at 45 degrees with respect to the beam’s longitudinal axis. The
upper chord is under compression, and the lower chord is under tension. Vertical or slightly
inclined stirrups carry tension to maintain equilibrium. The truss model has historically
neglected concrete acting in tension, interface shear transfer, and dowel action.

The shear strength of beams without stirrups is typically limited to the load to cause the first
inclined crack. For beams with stirrups, the truss model was used to estimate the additional shear
that could be carried by the stirrups. The shear at first inclined cracking has been considered the
concrete contribution to the nominal shear resistance provided by tensile stresses in the concrete
(V¢), and the additional shear carried by the stirrups has been considered the nominal shear
resistance provided by the shear reinforcement (Vs).

Design for shear then involves predicting the shear to cause inclined cracking. Beams with an
applied shear less than the predicted shear to cause inclined cracking were considered adequate
for shear. Shear reinforcement was provided for any excess shear (i.e., the difference between the
applied shear and shear load at cracking). The basic form of this methodology is still used in the
ACI-318-11 building code and in the AASHTO LRFD Bridge Design Specifications.®*)

DESIGN METHODOLOGIES FOR SHEAR USED IN THE AASHTO LRFD BRIDGE
DESIGN SPECIFICATIONS®)

This section describes the critical section for shear and the requirements for minimum

area of shear reinforcement and maximum spacing in the AASHTO LRFD Bridge Design
Specifications.® The three design methodologies for determining nominal shear resistance in
the AASHTO LRFD Bridge Design Specifications are then presented. Last, the modification of
the design expressions for LWC is described.

Critical Section for Shear

In beams where the vertical load causes compression in the end region of a member, the critical
section for shear is taken as the effective shear depth (dv) from the internal face of the support as
given by Article 5.8.3.2 of the AASHTO LRFD Bridge Design Specifications.®) This occurs in
the common case of the bottom surface of a beam resting on its supports with a downward
vertical applied load on the top surface of the beam. The effective depth (see equation 5) is
determined using the calculated nominal flexural resistance (Mn), which is determined by first
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calculating the depth from the compression face to the neutral axis (c) for T-section behavior or
rectangular section behavior given by equation 6 and equation 7, respectively.

dy =
YA+ AT (5)

Where:

As = area of the longitudinal tension reinforcement (inches?).
fy = yield strength of reinforcing bars in reference to material test values and specified minimum
yield strength (ksi).
Aps = area of the longitudinal prestressing steel (inches?).
fps = Average stress in prestressing steel at the time for which the nominal resistance of member
is required (ksi).
Apsfpu +Asf, - AT - 0.85F (b - by )hy
c= N (6)
0.85f' B by + kAps d,

Where:

fou = tensile strength of prestressing steel in reference to material test values and specified tensile
strength (Kksi).
fs = stress in mild tension reinforcement at nominal flexural resistance (ksi).
A's = area of the longitudinal compression reinforcement (inches?).
f's = stress in the mild steel compression reinforcement at nominal flexural resistance (ksi).
ht = compression flange depth (inches).
p1 = ratio of the depth of the equivalent uniformly stressed compression zone assumed in the
strength limit state to the depth of the actual compression zone.
k = prestresssing factor.
A, + Af = AT
c= PS pu S (7)

T,
0.85f f8,b + kAps 2 Ch

The average stress in the prestressing steel at nominal moment capacity is given by equation 8,
where the parameter k has a value of 0.28 for low relaxation strand. The expression for the
nominal moment capacity in the AASHTO LRFD Bridge Design Specifications is then
determined using equation 9.%) Rectangular section behavior can be assumed to occur when the
depth of the assumed uniform concrete stress distribution (a = $1c) is less than the compression
flange depth (hy). In the case of rectangular section behavior, by is taken as b in equation 9.

C
o=t (1 - kd—p> (8)

=t (0~ Dan (09 - o Yrosso-son(3-5) @

12



Where:

ds = distance from the compression face to the centroid of the nonprestressed tension
reinforcement (inches).

d's = distance from compression face to the centroid of the nonprestressed compression
reinforcement (inches).

The stress in the mild steel acting in tension (fs) is assumed to be yielding if the ratio c/ds does
not exceed 0.6. If this limit is not met, a strain compatibility analysis is necessary to determine fs.
The stress in the mild steel acting in compression (f's) is assumed to be yielding if the ratio c¢/d's
is greater than or equal to 3.0. If this limit is not met, the compression steel can be conservatively
ignored according to Article 5.7.2.1 of the AASHTO LRFD Bridge Design Specifications.®

Minimum Amount of Shear Reinforcement

The minimum amount of shear reinforcement required by Article 5.8.2.5 of the AASHTO
LRFD Bridge Design Specifications is given by equation 10.%) This minimum amount of shear
reinforcement is intended to prevent failure after inclined cracking, restrain the growth of the
inclined cracking, and increase the ductility in the section.

b,s

A, > 0.0316\/f, :
y

(10)

Where:

A, = area of the shear reinforcement within the spacing (inches?).
by = effective web width (inches).
s = spacing of the shear reinforcement (inches).

Maximum Spacing of Shear Reinforcement

In order to provide adequate crack control, the maximum spacing of the shear reinforcement is
limited. The maximum spacing is dependent on the average shear stress with higher levels of
shear stress requiring a closer spacing of shear reinforcement. The maximum spacing is given
by Article 5.8.2.7 of the AASHTO LRFD Bridge Design Specifications.® For an average shear
stress (vu) less than 0.125f'c, the maximum permitted spacing of the shear reinforcement (Smax)
IS given by equation 11. For v, greater than or equal to 0.125f', smax IS given by equation 12.

For v, < 0.125f , Syax = 0.8d, < 24.0 inches (609.6 mm) (11)
For v, = 0.125f' , Spax = 0.4d, < 12.0 inches (304.8 mm) (12)

Nominal Shear Resistance

The sectional design approach is used in the AASHTO LRFD Bridge Design Specifications to
evaluate the shear resistance of beams away from the supports, points of concentrated loads, or
geometric discontinuities.®® In the sectional design approach, the factored shear force is
compared to the factored shear resistance at multiple locations along the length of the beam.
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The AASHTO LRFD Bridge Design Specifications includes a design method of considering the
nominal shear resistance to be the sum of the individual nominal shear resistance provided by
tensile stresses in the concrete (V¢), nominal shear resistance provided by the shear reinforcement
(Vs), and component of the effective presstressing force in the direction of the applied shear (Vp).
The expression for nominal shear resistance of the section (Vn) is given by equation 13. V¢ and Vs
are limited to 25 percent of the concrete compressive strength multiplied by the section shear
area. The expression for Vy, including this limit is given by equation 14. The sectional design
approach has an additional limit of 0.18f'c placed on the shear stress using equation 15.

Vo=V + Vs +V, (13)

V, = 0.25f' byd, +V, (14)
|Vu B ¢Vp|

v, = 4 "7Pl 15

‘= b, (15)

Where ¢ is the resistance factor. There are four different methods in the AASHTO LRFD Bridge
Design Specifications to determine V. in equation 13. The first three methods given in

Articles 5.8.3.4.1 and 5.8.3.4.2 and appendix B5 use equation 16 to determine Vc. These methods
each provide a methodology to determine the factor indicating ability of diagonally cracked
concrete to transmit tension and shear (f) in equation 16. The fourth method given in Article
5.8.3.4.3 calculates two terms: nominal shear resistance provided by concrete when inclined
cracking results from combined shear and moment (Vi) and nominal shear resistance provided
by concrete when inclined cracking results from excessive principal tensions in the web (Vcw).
The lesser of the two terms is used for V¢. All four methods include the determination of the
angle of inclination of diagonal compressive stresses (¢), which is used to determine Vs in
equation 17.

Af d,cotd
V, = VT (17)

Simplified Procedure for Nonprestressed Sections

The method in Article 5.8.3.4.1 of the AASHTO LRFD Bridge Design Specifications is titled
“Simplified Procedure for Nonprestressed Sections” and is applicable only to RC slabs with or
without stirrups and to RC beams with stirrups.® Throughout this report, it is referred to as
“Simplified-RC.” The overall member depth is limited to 16 inches (406 mm). This method is
based on the simple expression for the average shear stress at inclined cracking (see equation 3)
proposed by Bresler and Scordelis and the 45-degree truss model.?? For this method, 4 is taken
as 2.0, and 6 is taken as 45 degrees.
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General Procedure Methods

Two methods of the AASHTO LRFD Bridge Design Specifications are based on the modified
compression field theory (MCFT).®2°39 MCFT was developed by Vecchio and Collins to
describe the strength and load—deformation behavior of RC membrane elements.®® Such
elements are subjected only to in-plane normal and shear stresses. When the model is applied to
the web of RC or PC beams, the only mechanism for shear transfer assumed by the model is that
due to interface shear transfer. The contributions of the uncracked concrete in the compression
zone and dowel action are not considered.

The method given in appendix B5 of the AASHTO LRFD Bridge Design Specifications is an
iterative design procedure that is similar to the method originally proposed by Vecchio and
Collins and described for prestressed structures by Mitchell and Collins.®2%3%3) The method is
based on MCFT and involves the use of tables B5.2-1 and B5.2-2 in appendix B to iteratively
determine £ and é. In this report, it is referred to as the “general procedure with tables” (i.e.,
GP-table). The method in appendix B5 was simplified by Bentz et al. and validated for the
design of reinforced and prestressed beams as part of NCHRP Project 12-61.%32) The simplified
method uses equations to directly solve for § and 6 without iteration and is presented in

Avrticle 5.8.3.4.2 of the AASHTO LRFD Bridge Design Specifications.® In this report, this
simplified method is referred to as “general procedure with equations” (i.e., GP-equation).

The two general procedure methods (i.e., GP-table and GP-equation) determine the average
strain at a section due to the combined effects of applied bending moment, shear force, axial
force, and internal prestressing force. This is a different approach than the historical method for
determining shear resistance where the interaction of shear, bending, and axial force is ignored.

In the GP-equation method, the net longitudinal tensile strain in the section at the centroid of the
tension reinforcement (&s) is determined using equation 18. The axial stiffness terms in the
denominator of the equation are applicable when &s is positive, indicating a net tensile strain.
When ¢s is negative, such as in the case of some prestressed beams, the expression in equation 19
is used and includes an additional stiffness term for the concrete in the lower half of the section
acting in compression. The absolute value for the factored moment at the section (|Mu|) shall not
be taken less than |Vy — Vp|dy, where Vy is the factored shear force at the section, Vp is the
coefficient of variation (COV) for the uncertainty in the analysis, and As and Aps are adjusted for
development length.

(Bl 05, + 1 - A1)
= <0
& FA I, < 0.0060 (18)

Where:

Ny = factored axial force the section (kip).

foo = parameter taken as the modulus of elasticity of prestressing steel multiplied by the locked-in
difference in strain between the prestresing steel and the surrounding concrete (ksi).

Es = modulus of elasticity of reinforcing bars (ksi).

Ep = modulus of elasticity of prestressing gsteel (ksi).
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Myl
(d—vu +0.5N, + |V, - V,| - Apsfpo)
EAs + EpAps + EcAq

> -0.00040 (19)

Where:

Ec = modulus of elasticity of concrete (ksi).
A = area of concrete on the flexural tension side of the member (inches?).

In equation 18 and equation 19, Vy — Vp is a simplification of tensile force in each flange due to
the applied shear. The longitudinal demand due to shear determined by equilibrium is given by
the left-hand term in equation 20. By assuming a value of 26.6 degrees for 6, the simplification
shown by the right-hand term in equation 20 can be made. The result of this simplification is that
equation 18 and equation 19 are not a function of 6, and the design procedure is not iterative.

0.5(V, - Vp)cotd =V, -V, (20)

For beams with the minimum amount of stirrups given in Article 5.8.2.5 of the AASHTO LRFD
Bridge Design Specifications (see equation 10), £ is determined using equation 21.®) The

factor 4 for beams without the specified minimum amount of stirrups (see equation 22) also
includes a term with a crack-spacing parameter (Sxe). The expression for Sy is given by
equation 23 and accounts for the effect of maximum aggregate size (ag) on interface shear
transfer and for size effect in beams without stirrups. For beams with the concentrated
longitudinal reinforcement (i.e., not distributed along the depth of the beam), the lesser of
effective shear depth (dv) or the maximum distance between layers of longitudinal crack-control
reinforcement (sx) is taken as equal to dv. Combinations of dy and ag that result in sxe being
greater than 12 inches (305 mm) have the effect of reducing the factor  and, as a result, V. of the
nominal shear resistance (see equation 13). The value of g (degrees) is determined using the
expression in equation 24 or the value of the beams with or without the minimum amount of
stirrups specified in Article 5.8.2.5 of the AASHTO LRFD Bridge Design Specifications.®

4.8
= 21
p (1 +750¢) 1)
48 51 22)
p= (1 + 750&) (39 + s,)
12 inches (305 mm) <s,, =S 1.38 <80 inches (2,030 mm)
~ ¢ (g +0.63) ~ ’ (23)
6 = 29 degrees + 3,500, (24)

The GP-table method (see appendix B5 of the AASHTO LRFD Bridge Design Specifications)
differs from the GP-equation method in Article 5.8.3.4.2 of the AASHTO LRFD Bridge Design
Specifications in several ways.® Instead of calculating the strain at the level of the tensile
reinforcement, the strain is calculated at the middepth of the beam. When the calculated strain is
tensile, different expressions are used depending on whether the specified minimum amount of

16



stirrups is provided. The simplification given by equation 20 is not made. As a result, the method
IS iterative in that a value of  must be assumed for the first set of calculations. The values of f
and 6 are determined from tables instead of directly from an expression. For members with
stirrups, p and @ are functions of both the average shear stress and the concrete compressive
strength instead of only the calculated strain.

In the GP-table method, the longitudinal strain at the middepth of the beam (&) is determined
using equation 25 for a member with at least the minimum amount of stirrups as specified in
Avrticle 5.8.2.5 of the AASHTO LRFD Bridge Design Specifications (see equation 10) and
determined using equation 26 for beams with less than the minimum amount of stirrups.®® The
difference between equation 25 and equation 26 is a factor of 2 in the denominator that doubles
the calculated strain for beams with less than the minimum specified amount of stirrups. When
ex 1S negative, the expression in equation 27 is used. These expressions for xassume that the
strain at the centroid of the compressive flange is 0, which is conservative unless the
combination of My, Vu, and Ny produces net tension in both flanges.

('Mul +0.5N, + 05|V, — V| cotd — Apsfpo)

e = S < 0.0030 (25)
2(EsAs + EpA)
(“\é'ul +0.5N, + 0.5V, — V,| cot 0 — Auf )
=% "/ < 0.0030 (26)
o E-As + EpAn, ="
(“\é'—“' +0.5N, + 0.5[V, — V| cot @ — Apsfpo)
g = > ~0.00020 27)

2(EsAs + EpAps + EcAq)

In beams with at least the minimum specified amount of stirrups, the values of  and & are
determined from table B5.2-1 in the AASHTO LRFD Bridge Design Specifications, which is
reproduced in this report as table 1.®) The normalized shear stress (vu/f'c) and ex are needed for
the table. The commentary of appendix B5 allows the values of $ and ¢ determined from the
tables to be applied over a range of values. The values of £ and @ in a particular cell are
applicable for a pair of vu/f'c and & values that are less than or equal to the limiting vu/f'c and &
values given for each row and column. By using this method, a lower value of 5 and a higher
value of 4 can be conservatively selected for design. Alternatively, three-way interpolation
between the table cells that bound the pair of vu/f’c and ex values can be used to determine a
more exact value of $ and 6.
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Table 1. Values of g and @ for sections with shear reinforcement.®

Bor &xx 1,000
vulf'e | 0 [<-0.20 [ <-0.10 [ <-0.05 | <0.00 [ <0.125 | <0.25 [ <0.50 [ <0.75 | <1.00
<0.075 | 0 | 223 | 204 | 210 | 21.8 | 243 | 266 | 305 | 33.7 | 36.4
0075 | f | 632 | 475 | 410 | 3.75 | 3.24 | 2.94 | 259 | 2.38 | 2.23
<0.100 | 0 | 181 | 204 | 214 | 225 | 249 | 271 | 308 | 340 | 36.7
<0.100 | B | 3.79 | 3.38 | 3.24 | 3.14 | 291 | 2.75 | 250 | 2.32 | 2.18
<0.125 | 0 | 19.9 | 21.9 | 228 | 23.7 | 259 | 27.9 | 314 | 344 | 37.0
<0125 | § | 318 | 299 | 294 | 287 | 274 | 262 | 242 | 2.26 | 213
<0.150 | 0 | 21.6 | 233 | 242 | 250 | 26.9 | 28.8 | 32.1 | 349 | 37.3
<0150 | § | 288 | 279 | 278 | 272 | 2.60 | 252 | 2.36 | 2.21 | 2.08
<0175 | 0 | 23.2 | 247 | 255 | 26.2 | 28.0 | 29.7 | 32.7 | 352 | 36.8
<0175 | B | 273 | 266 | 265 | 2.60 | 2.52 | 2.44 | 228 | 2.14 | 1.96
<0200 | 0 | 247 | 261 | 267 | 274 | 290 | 30.6 | 32.8 | 345 | 36.1
<0.200 | § | 263 | 259 | 252 | 251 | 2.43 | 2.37 | 214 | 1.94 | 1.79
<0225 | 0 | 261 | 27.3 | 279 | 285 | 30.0 | 30.8 | 32.3 | 340 | 357
<0.225 | p | 253 | 245 | 242 | 240 | 2.34 | 2.14 | 1.86 | 1.73 | 1.64
<0250 | 0 | 275 | 286 | 291 | 29.7 | 30.6 | 313 | 328 | 343 | 358
<0250 | § | 239 | 239 | 233 | 233 | 212 | 1.93 | 1.70 | 158 | 1.50

In beams without the minimum specified amount of stirrups, the values of s and 0 are
determined from table B5.2-2, which is reproduced in this report as table 2.®) In this table, sy
and ex are used to determine the values of £ and 6. The expression for s in the GP-table method
is the same as the expression in the GP-equation method (see equation 24) except that the lower
limit of 12 inches (305 mm) is effectively reduced to 5 inches (127 mm). Similar to table 1,
values of # and € in a particular cell of table 2 can be applied to a pair of sxe and &x values that are
less than or equal to the limiting sxe and &x values given for each row and column. Alternatively,
three-way interpolation between the table cells can be used.

Table 2. Values of g and @ for sections with less than minimum shear reinforcement.®

B or &xx 1,000
se | 0 |<-0.20]<-0.10]<-0.05]<0.00]<0.125]<0.25] <0.50 | <0.75]<1.00 [ <1.50 [<2.00
<5 | 0 | 254 | 255 | 259 | 26.4 | 27.7 | 28.9 | 30.9 | 32.4 | 33.7 | 35.6 | 37.2
<5 | p | 636 | 6.06 | 556 | 5.15 | 4.41 | 3.91 | 3.26 | 2.86 | 2.58 | 2.21 | 1.96
<10| 0 | 276 | 276 | 283 | 29.3 | 31.6 | 335 | 36.3 | 38.4 | 40.1 | 42.7 | 44.7
<10| p | 578 | 5.78 | 5.38 | 4.89 | 405 | 3.52 | 2.88 | 2.50 | 2.23 | 1.88 | 1.65
<I15| 0 | 295 | 295 | 29.7 | 31.1 | 34.1 | 365 | 39.9 | 42.4 | 44.4 | 47.4 | 49.7
<I5| p | 534 | 534 | 527 | 473 | 3.82 | 3.28 | 2.64 | 2.26 | 2.01 | 1.68 | 1.46
<20| 0 | 312 | 31.2 | 31.2 | 323 | 36.0 | 38.8 | 42.7 | 455 | 47.6 | 50.9 | 53.4
<20 | 5 | 499 | 499 | 499 | 461 | 3.65 | 3.09 | 2.46 | 2.09 | 1.85 | 1.52 | 1.31
<30| 6 | 341 | 341 | 341 | 342 | 389 | 423 | 469 | 50.1 | 52.6 | 56.3 | 59.0
<30| B | 446 | 4.46 | 4.46 | 443 | 3.39 | 2.82 | 2.19 | 1.84 | 1.60 | 1.30 | 1.10
<40 | 0 | 366 | 36.6 | 36.6 | 36.6 | 41.2 | 45.0 | 50.2 | 53.7 | 56.3 | 60.2 | 63.0
<40 | B | 406 | 406 | 406 | 406 | 3.20 | 2.62 | 2.00 | 1.66 | 1.43 | 1.14 | 0.95
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por &x % 1,000
Sxe | 0 [|<-0.20|<-0.10|<-0.05|<0.00|<0.125|<0.25|<0.50|<0.75|<1.00 | <1.50 |<2.00
<60| 6 | 408 | 40.8 | 40.8 | 40.8 | 445 | 49.2 | 55.1 | 58.9 | 61.8 | 65.8 | 68.6
<60 | p 3.50 | 3.50 350 [ 350 | 292 | 232 | 172|140 | 118 | 0.92 | 0.75
<80 | O | 443 | 443 | 443 | 443 | 47.1 | 523 | 58.7 | 62.8 | 65.7 | 69.7 | 72.4
<80 | p 3.10 | 3.10 3.10 {310 | 2.71 | 211 | 152 | 121|101 | 0.76 | 0.62

Simplified Procedure for Prestressed and Nonprestressed Sections

The simplified procedure for prestressed and nonprestressed sections (referred to as “Simplified-
PC/RC” throughout this report) is based on a model that uses Vew and Vi for web-shear cracks
and flexural shear cracks in prestressed beams. This is the model that was introduced into the
ACI 318-63 building code, and the expressions are given by equation 1 and equation 4.1® The
method in the AASHTO LRFD Bridge Design Specifications was proposed by NCRHP

Project 12-61 and is based on the Vew-Vei approach.®32 The Vew-Vei approach had already been
included in the AASHTO Standard Specifications for Highway Bridges and the ACI 318-02
building code.®33% The average shear stress at failure included in the AASHTO LRFD Bridge
Design Specifications version of the Vcw-Vi approach has been reduced from the other design
documents in order to make the approach applicable to RC beams and PC beams with smaller
amounts of longitudinal reinforcement.®?

The expression for web-shear cracking in the AASHTO LRFD Bridge Design Specifications

is given by equation 28. The term 0.06Vf'c (ksi) corresponds to 1.9f' (psi). As described
previously in this report, a concrete tensile strength of 3.5Vf'; was assumed in the traditional
expression for Vew given by equation 1. The term 0.06f'; represents a lower-bound estimate of
the concrete tensile strength applicable to RC beams.

Vew = (o.oa \E + 0.3pr) byd, + Vj (28)

The expression for flexural shear cracking in the AASHTO LRFD Bridge Design Specifications is
given by equation 29.®) In comparison to the more traditional version of Vi given by equation 4,
the term 0.02Vf’¢ (ksi) in equation 29 corresponds to 0.63Vf’¢ (psi). The term d/2 was dropped for
simplification. The term 0.06\fcdy (ksi and inches) corresponds to 1.9Vf’cdy (psi and inches).
This is similar to the term 1.7Nfcd (psi and inches) if the depth is assumed equal to 0.9dy. The
use of 0.06Vf'; as the minimum average shear stress in equation 29 makes this value the uniform
minimum shear stress regardless of location along the beam as 0.06Vf" is also in equation 28.¢?
The moment causing flexural cracking at the section due to externally applied loads (Mcre) in
equation 29 is given by equation 30.

V=002 [f b,d +vd+V"vIcre > 0.06 [f' b,d
ci cPviv Mmax = cMviy (29)
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Where:

Vi = factored shear force at the section due to externally applied loads occurring simultaneously
with the maximum factored moment at the section due to externally applied loads.
Mmax = maximum factored moment at the section due to externally applied loads.

M"”C) (30)

Mere =S¢ (fr + pre - S
nc

Where:

Sc = section modulus for the extreme fiber of the composite section where tensile stress is caused
by externally applied loads (inches®).

fr = modulus of rupture of concrete (psi).

fcpe = cCOmpressive stress in the concrete at the extreme tensile fiber after all prestress losses have
occurred (psi).

Muanc = total unfactored dead load moment acting on the noncomposite section (Ib-inch).

Snc = section modulus for the extreme fiber of the noncomposite section where tensile stress is
caused by externally applied loads (inches®).

The inclination angle of a crack (#) of diagonal compressive stresses can be predicted using
Mobhr’s circle for an element subjected to combined shear and compression, as shown in figure 1.
The radius of Mohr’s circle (R) can be used to write an expression that relates the compressive
stress at the centroid of the concrete after all prestress losses have occurred (fyc), the shear

stress (vu), and the tensile strength of concrete (ft), as given by equation 31. Both sides of the
expression are squared as given by equation 32. The expression is simplified and solved for vy as
given by equation 33. The expression for vy from equation 33 is substituted into the expression
for cot 6 to give equation 34. An expression for cot  can be determined from the shaded triangle
shown on the Mohr’s circle (see figure 1).

2

f f
<;°> +(W)?=R="T+1, (31)

2 2

f f
(5) +wr=(%) +ag 32)

_ 2 _ fpc
= ftfpC + (ft) =f [10+ f (33)

f
_Vu_ pc
cotd = f = |10+ f (34)
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Source: FHWA. Source: FHWA.
A. Element subjected to shear and B. Mohr’s circle for stress state of element.

compression.

Figure 1. lllustrations. Stress condition on an element subjected to shear and compression
and Mohr’s circle for stress state of an element.

The expression for cot 9 in the AASHTO LRFD Bridge Design Specifications is given by
equation 35 and is the first two terms of a Taylor Series expansion of equation 34.2 A lower
limit of 29 degrees on @ is used for design purposes, which corresponds to the upper limit of
1.8 on cot @ in equation 35. The cot @ is used directly in the expression for Vs in equation 17.

fpc
cotd =1.0+3 (—) <18 (35)

N

Modification of Shear Resistance for LWC in AASHTO LRFD Bridge Design
Specifications®

Modification for LWC is explicitly stated in the AASHTO LRFD Bridge Design Specifications
regarding shear.® Specifically, Article 5.8.2.2 states that all expressions in Articles 5.8.2 and
5.8.3, which are the provisions covering design for shear and torsion, shall be modified for the
effects of LWC. The modification consists of replacing \f'c with 4.7f« , where f is the concrete-
splitting tensile strength, when the splitting tensile strength is specified. When fc is not specified,
Vf'¢ is replaced with 0.75f’c when all-lightweight concrete is used or 0.85Vf'c when sand-
lightweight concrete is used.

The modification for LWC described by Article 5.8.2.2 applies to many of the design expression
described previously in this chapter.®® For example, it applies to equation 10 for the minimum
amount of shear reinforcement. It also applies to the expression for V. given by equation 16

that is part of the Simplified-RC method and both methods of the general procedure. The
modification affects Vcw and Vi (equation 28 and equation 29) of the Simplified-PC/RC method.
The modification also applies to the expression for cot  given by equation 35. The modification
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of  f'¢ in equation 35 affects the shear resistance of prestressed beams with stirrups. The
modification for LWC reduces the value of the denominator in the second term and results in

a larger overall value of cot 4. The increase in cot ¢ directly increases Vs and could result in a
calculated V, for prestressed LWC beams with stirrups that is larger than the calculated V, for a
similar NWC beam. The effect of including a modification for LWC in the expression for cot 4,
and the resulting effect on the calculated shear resistance of prestressed LWC beams is described
quantitatively in chapter 5 of this report.

FACTOR FOR LWC TENSILE STRENGTH

The tendency for LWC to have a reduced tensile strength is not treated consistently in the
AASHTO LRFD Bridge Design Specifications.® There are many articles where Vf'c is used to
represent concrete tensile strength. The provisions for shear- and tension-development length of
mild reinforcement currently include a modification for LWC. However, the tensile stress limits
in PC do not include a modification for LWC. A potential option to provide a more uniform
treatment of LWC tensile strength would be to add the definition of a modification factor for
LWC, such as the LWC modification factor (1), to section 5.4 of the AASHTO LRFD Bridge
Design Specifications, which could then be referenced in other articles.®® Then the factor could
be added to design expressions where the Vf'c is used to represent concrete tensile strength.

A modification factor for LWC was previously developed from tests on LWC and applied to the
prediction of bar stress developed in lap splices of mild steel reinforcement.®? The modification
factor is based on the splitting tensile strength when available and the concrete unit weight (wc)
otherwise. An expression for the modification factor for LWC that is based on wc is convenient
to designers because this is a quantity, like compressive strength, that is determined during the
design phase. The expression for the modification factor for LWC (1) based on wc is given by
equation 36 through equation 38. The expression for 4 based on splitting tensile strength (fct) is
given by equation 39.

For w, < 0.100 kcf: 4 = 0.75 (36)

For 0.100 < w; < 0.135 kcf: 4 = 7.5w, < 1.00 (37)
For w, > 0.135 kcf: 4 = 1.00 (38)

A= 4.7i <1.00 (39)

N
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CHAPTER 3. RESEARCH ON SHEAR RESISTANCE OF LWC

INTRODUCTION

This research program focused on LWC with compressive strengths from 6 to 10 ksi (41 to

69 MPa) and equilibrium densities between 0.125 and 0.135 kcf (2,000 and 2,160 kg/m?). LWC
used in this research program can be considered high-strength SDC. The program used LWC
with three different lightweight aggregates to produce 27 precast/prestressed LWC girders and
40 RC splice beam specimens. Russell recognized the lack of mild steel bond test data and shear
test data for LWC.? While this research program focused on structural behavior, it also had a
material characterization component, as described in Lightweight Concrete: Mechanical
Properties, and included mechanical property tests on the concrete mixtures used in the
structural testing program.® Mechanical tests included the compressive strength, elastic
modulus, and splitting tensile strength. we was determined using several methods (see
Lightweight Concrete: Mechanical Properties for more information).Y) The 40 splice beam
specimens tested by FHWA and used to evaluate the development length of mild steel
reinforcement are also described in Lightweight Concrete: Development of Mild Steel in
Tension.?®

The details of the FHWA research program involving the shear resistance of precast/prestressed
LW(C girders are provided in this chapter. It also summarizes the selection process of LWC mix
design, the specimen fabrication at the precaster’s facility, and the material property testing. The
girder design, test setup, and test results for the 30 shear tests on 15 LWC girders are discussed
in detail. The results include observations of girder behavior such as failure mode, peak shear
force, web cracking shear force, and web cracking angle. The peak shear force, web cracking
shear force, and web cracking angle are compared to several design procedures in the AASHTO
LRFD Bridge Design Specifications.®

RESEARCH SIGNIFICANCE

There is a limited amount of test data on the shear resistance of high-strength LWC. This
research project included 30 girder tests on this type of concrete. These tests on shear resistance
were combined with the results of other tests on LWC to determine the effect of lightweight
aggregates. Design expressions for shear resistance that include a proposed modification factor
for LWC (1) were validated using the tests on LWC.

LWC MIX DESIGNS

The Expanded Shale, Clay, and Slate Institute assisted FHWA in obtaining SDC mixes that had
been used in production. One of the criteria for this research project was to use lightweight
aggregate sources that were geographically distributed across the United States. Additional
selection criteria included mixes using a large percentage of the coarse aggregate as lightweight
coarse aggregate, mixes using natural sand as the fine aggregate, and mixes with a target
equilibrium density between 0.125 and 0.135 kcf (2,000 and 2,160 kg/mq). In order to make sure
that the behavior of the concrete would be controlled by the lightweight aggregate, only mixes
with greater than 50 percent of the coarse aggregate as lightweight aggregate were considered.
The concrete density needed to be in the range of densities not currently covered by the AASHTO
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LRFD Bridge Design Specifications because of the limited amount of test data in this density
range.® Literature has shown that silica fume can increase LWC compressive strength and has
also been revealed to improve bond of mild steel reinforcement and prestressing strand.®5-%®) As
a result, mixes that included silica fume were not selected for this experimental study so that the
results would be representative of mechanical properties for SDC without silica fume and most

likely conservative for SDC with silica fume.

Three mix designs were selected with a design compressive strength greater than 6.0 ksi
(41.3 MPa) to represent concrete that could be used for bridge girders. A fourth mix design was
selected that had a design compressive strength less than 6.0 ksi (41.3 MPa) to represent concrete

that could be used for a bridge deck.

The selected mix designs are shown in table 3. Each uses partial replacement of the coarse
aggregate with lightweight aggregate to achieve its reduced unit weight. The lightweight
aggregates in the mixes were haydite, an expanded shale from Ohio; stalite, an expanded slate
from North Carolina; and utelite, an expanded shale from Utah. The normal-weight coarse
aggregate was No. 67 Nova Scotia granite. Natural river sand was used as the fine aggregate.
Type 11 portland cement was used to obtain the high early strengths typically required in high-
strength precast girders. Admixtures included a water reducer, an air entrainer, and a high-range

water reducer.

Table 3. Selected concrete-mixture designs.

Haydite Stalite Utelite
Design Values and Component Materials | Girder (HG) | Girder (SG) | Girder (UG)
Design 28-day strength (ksi) 6.0 10.0 7.0
Design release strength (ksi) 3.50 7.50 4.20
Target unit weight (kcf) 0.130 0.126 0.126
Lightweight coarse aggregate (kip) 0.80 0.88 0.74
Normal-weight coarse aggregate (kip) 0.52 0.25 0.39
Normal-weight sand (kip) 1.19 1.22 1.27
Class F fly ash (kip) 0.00 0.00 0.15
Type 11 portland cement (Kip) 0.75 0.80 0.60
Water (Kip) 0.27 0.25 0.26
Water reducer (0z) 19 19 19
Air entrainer (0z) 2 2 2
High-range water reducer (0z) 34 34 34
Water/cementitious materials ratio 0.36 0.31 0.34

1 ksi = 6.89 MPa.

1 kef = 16,020 kg/m?®.
1 kip = 4.45 kN.
10z=29.6 mL.
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EXPERIMENTAL PROGRAM

The experimental program consisted of 30 tests on 15 PC girders made using three different
LWC mixes. Key test parameters included the lightweight aggregate, the amount of shear
reinforcement, girder depth, and the use of straight or draped strands. Five girder designs were
developed to evaluate the effect of the key parameters. The end of each girder had different
amounts of shear reinforcement. A set of five girders was cast for each of three different concrete
mixtures intended to represent typical LWC for girders. Table 4 gives the nominal details for the
six girder end designs that were AASHTO type Il girders (i.e., type 1I). Table 5 provides similar
details for the four girder end designs that were AASHTO/Precast/Prestressed Concrete Institute
bulb tee girders with a 54-inch (1.37-m) height (i.e., BT-54).

A naming scheme was developed for the 30 girder tests that included the concrete mixture, girder
design, and girder end. The concrete mixtures were designated A through C and were UG, HG,
or SG, respectively. The girder design number was used in the naming scheme, as seen in the
girder test columns. An “L” or a “D” was used to denote a test near the live or dead end of the
girder, respectively. The end of the girder closer to the prestressing bed bulkhead where the
strands were jacked is known as the live end, and the end towards the bulkhead with the
stationary anchorage is known as the dead end.

Table 4. Design details of type 11 girders.

Number of Strands Stirrups Design
Amount of
Stirrups,
Girder dv Bar Spacing pvly
Test (Inches) | wu/f'c* Bottom Top Size (Inches) (Ksi)
5D 35.0 0.068 | 10 straight 2 No. 3 22 0.12
5L 35.0 0.075 | 10 straight 2 No. 3 15 0.18
6D 31.7 0.088 | 10 straight 2 No. 4 15 0.32
and 4 drape
6L 31.7 0.096 | 10 straight 2 No. 4 12 0.40
and 4 drape
7D 32.8 0.150 | 18 straight 4 No. 4 8 0.60
7L 32.8 0.120 | 18 straight 4 No. 4 12 0.40
1inch = 25.4 mm.
1 ksi = 6.89 MPa.

*Assumed f'c for design was 10 ksi (68.9 MPa).
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Table 5. Design details of BT-54 girders.

Number of Strands Stirrups

Girder dv Spacing puly

Test (Inches) vu/f'c* Bottom Top Bar Size | (Inches) (ksi)

8D 51.6 0.068 | 16 straight 2 No. 3 22 0.12

8L 51.6 0.076 | 16 straight 2 No. 3 14 0.19

9D 47.5 0.150 | 28 straight 4 No. 4 8 0.60

9L 47.5 0.140 | 28 straight 4 No. 4 10 0.48
1inch =25.4 mm.
1 ksi = 6.89 MPa.

*Assumed f'c for design was 10 ksi (68.9 MPa).

The shear test girders were designed as part of a larger study that included the transfer and
development length of prestressing strands in high-strength LWC. A total of nine different girder
designs were used in the overall research program. The first four designs were type 11 girders that
were tested to failure to evaluate development length of prestressing strand. Girder designs 5-9
were for the evaluation of shear performance.

Test Specimens

Girder designs 5—7 were type Il girders. The amount of shear reinforcement (stirrups) in the test
regions near the live and dead ends of the girder varied. The design details for each girder end
were shown previously in table 4. A sketch of each girder design showing the cross section,
strand pattern, and mild steel reinforcement is shown in figure 2 through figure 4 for girder
designs 5-7, respectively. The dead end of girder design 5 (5D) was designed to have the
minimum amount of shear reinforcement allowed by the AASHTO LRFD Bridge Design
Specifications (see Article 5.8.2.5) at nearly the maximum spacing (see Article 5.8.2.7).¢)

The dead end of girder design 7 (7D) was designed to have a ratio of shear stress to concrete
compressive stress (vu/f'c) near the limit of 0.18 given in the AASHTO LRFD Bridge Design
Specifications for the applicability of the sectional design method (see Article 5.8.3.2).®) Girder
design 6 had draped strands and an amount of shear reinforcement between the amounts used in
girder designs 5 and 7.
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location.
7" {2 stirrups) , ) .
2 15 spa @@ 22" (1 stirrup) 21", 9 spa@ 15" (1 Stirrup)
[ Bars X Bars U |
= i 1 1
I ] i
[T ! Ll
E= s s e e S = =i
7 spa (@ (a": Bars V (pairs) Strain gage Strands
Bars W

Design 5 - Dead End Design 5 - Live End

Source: FHWA.
D. Type Il girder with 42-ft (12.81-m) girder length.

1inch = 25.4 mm.

1 ft=0.305 m.
Note: The following reinforcement is symmetric about the girder centerline: confinement (bars V),

splitting (stirrups at 7-inch (177.8-mm) spa), and additional longitudinal for shear (bars W).

Figure 2. lllustrations. Beam girder design 5 showing cross-section dimensions,
prestressing strand location, mild steel reinforcement, and elevation view.
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Source: FHWA.
D. Type Il girder with 42-ft (12.81-m) girder length.

1ft=0.305m.

1inch =25.4 mm.
Note: The following reinforcement is symmetric about the girder centerline: confinement (bars V),

splitting (stirrups at 7-inch 177.8-mm) spa), and additional longitudinal for shear (bars W).

Figure 3. lllustration. Beam girder design 6 showing cross-section dimensions, prestressing
strand location, mild steel reinforcement, and elevation view.
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Source: FHWA.
D. Type Il girder with 42-ft (12.81-m) girder length.

1inch =25.4 mm.

1ft=0.305m.

Note: The following reinforcement is symmetric about the girder centerline: confinement (bars V),
splitting (stirrups at 7-inch (177.8-mm) spa), and additional longitudinal for shear (bars W).

Figure 4. lllustrations. Beam girder design 7 showing cross-section dimensions,
prestressing strand location, mild steel reinforcement, and elevation view.

The last two designs (i.e., girder designs 8 and 9) were BT-54 girders. The design details for the
live and dead ends of the girders were shown previously in table 5, and sketches of the cross
sections, strand patterns, and mild steel reinforcement arrangements are shown in figure 5 and
figure 6. The amount of shear reinforcement in girder designs 8 and 9 was designed to give
similar vu/f'c ratios as girder designs 5 and 7, respectively. This was done to investigate the

size effect.
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Source: FHWA.
D. BT-54 girder with 50-ft (15.25-m) girder length.

linch =25.4 mm.

1ft=0.305m.

Note: The following reinforcement is symmetric about the girder centerline: confinement (bars V), splitting
(stirrups at 7-inch (177.8-mm) spa), and additional longitudinal for shear (bars W).

Figure 5. Illustrations. Beam girder design 8 showing cross-section dimensions,
prestressing strand location, mild steel reinforcement, and elevation view.

30



Stimup
X L

—+

1]

{20 12" strand L-}_

{2) 1/2" strand

{4) 1/2° sirand

1129 12 sirand

26" > (12) /2" strand
Source: FHWA. Source: FHWA. Source: FHWA.
A. Cross-section dimensions B. Prestressing strand C. Mild steel reinforcement.
(symmetric about centerline). location.
2 spa (@ 5.5" (2 stirrups)
» / 23 spa (@ 8" . 39 spa (@ 10"

Bars X Bars U

* * * ¥ LI )

e

EEFEI=aTE= :i.:::: ==t ==t =::=====:—:: — ==t e S
11 spa @ 6" Bars V (pairs) Strain gage Strands
Bars W
Design 9 - Dead End Design 9 - Live End

Source: FHWA.
D. BT-54 girder with 50-ft (15.25-m) girder length.
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Note: The following reinforcement is symmetric about the girder centerline: confinement (bars V), splitting
(stirrups at 7-inch (177.8-mm) spa), and additional longitudinal for shear (bars W).

Figure 6. lllustrations. Beam girder design 9 showing cross-section dimensions,
prestressing strand location, mild steel reinforcement, and elevation view.

The end of each girder had additional reinforcement as required by the AASHTO LRFD Bridge
Design Specifications.®® No. 6 rebar was added between the strands in the bottom flange to
satisfy the requirements of Article 5.8.3.5 for additional longitudinal reinforcement.®
Additional shear reinforcement (as stirrups) was provided as splitting resistance in the
pretensioned anchorage zone per Article 5.10.10.1, and confinement reinforcement was
provided around the strands to satisfy Article 5.10.10.2.¢)

The girders were designed with an amount of flexural reinforcement that was intended to
ensure that a shear failure would occur prior to a flexural failure. For the design of the girders,
a concrete compressive strength (f'c) of 10 ksi (68.9 MPa) was assumed for all girders, and no
modification of the shear resistance for LWC was used.
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Specimen Fabrication

The girders were fabricated at a plant in Mobile, AL. The fabricator was asked to prescriptively
produce the concrete mixtures without trying to adjust them for target strengths or unit weight.
This was intended to remove batch-to-batch variations as a variable in the study. The lightweight
aggregates were stored in three piles at the plant and watered continuously using a sprinkler on
each pile, as shown in figure 7.

Source: FHWA.

Figure 7. Photo. Lightweight aggregate stockpiles at precaster’s facility with continuous
sprinklers.

Concrete Properties

Concrete for the three girder mixes was supplied by the precaster. After mixing, the precaster’s
personnel performed testing of the fresh concrete properties and produced 4- by 8-inch

(102- by 203-mm) cylinders for quality-control purposes. The fresh concrete properties, concrete
batch weights, and compressive strength tests performed by the precaster’s personnel can be
found in Lightweight Concrete: Mechanical Properties, which covers material properties of the
LWC tested within this research program.®

Independently, research personnel made 4- by 8-inch (102- by 203-mm) cylinders following
ASTM C31 for mechanical property testing and density measurements.®® Compression tests
were performed according to ASTM C39 to determine the compressive strength at the release
of prestressing, at 28 days, and at girder testing.“® Neoprene pads were used inside steel caps

at each end of the cylinders. The indirect tensile strength was measured using the splitting
tensile test described in ASTM C 496.%Y) The elastic modulus was determined following

ASTM C469 using one of the cylinders intended for compressive strength testing.? Typically,
one cylinder was tested first for compressive strength to determine the proper load level for
determining the elastic modulus. The air-dry density was calculated using the measured cylinder
weight and measured cylinder lengths and diameters to calculate an average volume. The
mechanical properties of the LWC used in the prestressed girders are given in table 6, and the
measured unit weights are given in table 7. The compressive strengths, splitting tensile strengths,
modulus of elasticity, and air-dry densities shown are based on the average of three cylinders.
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Table 6. Mean girder concrete properties by mix design.

Compressive Strength | Splitting Tensile Strength Modulus of Elasticity
(Ksi) (Ksi) (ksi)
Mix Test Test Test
Design | Release | 28-Day | Day | Release | 28-Day | Day | Release | 28-Day | Day
HG 7.0 9.5 104 | 0.600 0.720 | 0.770 | 3,850 4,420 | 4,320
SG 7.4 9.7 10.6 | 0.600 0.680 | 0.720 | 3,710 4,140 | 4,360
UG 6.1 8.6 10.1 | 0.580 0.680 | 0.760 | 3,520 4,080 | 4,150
1 ksi = 6.89 MPa.
Table 7. Girder w; by mix design.
Mix we (kef)
Design | Release 28-Day Test Day
HG 0.134 0.132 0.130
SG 0.125 0.125 0.123
UG 0.131 0.130 0.127

1 kef = 16,020 kg/m®,
Reinforcing Bar Properties

The reinforcing bars were ASTM A615 grade 60.%3 The mechanical properties were tested
under displacement control in a 100-kip (445-kN) testing machine. Two bars were tested for
each nominal size used in the prestressed girders. Strain was measured with an 8-inch (203-mm)
extensometer. When the extensometer reached a measured strain of 2 percent at the beginning of
the assumed strain-hardening regime, the test was paused to remove the extensometer. The test
was then continued until the bar fractured. The yield strength was determined using the

0.2 percent offset method. The average yield strength and the ultimate strength of two bars used
as stirrups, confinement reinforcement, and girder end longitudinal reinforcement are given in
table 8. Test data and stress—strain relationships from individual bars are provided in appendix A.

Table 8. Reinforcing bar properties.

Stirrup Girder Design Girder End
Longitudinal | Confinement
Property 5 6 and 7 8 9 Reinforcement | Reinforcement

Bar size (unitless) No.3 | No.4 | No.3 | No.4 No. 6 No. 4
Nominal diameter 0.375 | 0.500 | 0.375 | 0.500 0.625 0.500
(inches)

Nominal area (inches?) | 0.11 | 020 | 0.11 | 0.20 0.44 0.44
Yield strength (ksi) 70.8 68.0 65.1 | 65.3 65.8 65.8
Ultimate strength (ksi) | 112.2 | 97.8 | 101.9 | 104.8 107.1 107.5

1 inch = 25.4 mm.
1 inch? = 645 mm?.
1 ksi = 6.89 MPa.
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NWC Concrete Deck

An 8-inch (200-mm)-thick composite NWC deck was cast onto each LWC girder at TFHRC in
order to move the neutral axis above the web and top flange. The concrete used in the decks had
a specified compressive strength of 4 ksi (28 MPa). The mean mechanical properties at 28 days
and test day for the NWC decks are provided in table 9. As a reminder, type Il girders include
girder designs 5-7, while BT-54 girders include girder designs 8-9.The decks had two
orthogonal mats of reinforcing, as specified in Article 9.7.3 of the AASHTO LRFD Bridge
Design Specifications for bridge decks.®® The deck reinforcement is shown in typical cross
sections in figure 8.

Table 9. Mean NWC deck properties by girder size.

Compressive Strength | Test Day Modulus
Girder (ksi) of Elasticity
Type 28 Day Test Day (Ksi)
Type Il 3.15 4.72 4,970
BT-54 3.88 6.06 4,700
1 ksi = 6.89 MPa.
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A. Deck dimensions and reinforcement of B. Deck dimensions and reinforcement of
NWC deck cast onto LWC girders for NWC deck cast onto LWC girders for
type Il girders. BT-54 girders.

Figure 8. Illustrations. NWC deck cast onto LWC girders for type Il and BT-54 girders.

After the first test failed in horizontal shear, the decks of all subsequent tests on type Il girders
were strengthened to resist horizontal shear throughout the test region by installing concrete
wedge anchors through the deck. The holes for the anchors were drilled through the deck so the
anchor could be mounted into the top flange of the girders. The concrete anchors were 12 inches
(305 mm) long with a 0.75-inch (19.1-mm) nominal diameter. A 1.5-inch (38.1-mm)-thick
square bearing plate was placed on the concrete deck. The nuts on the concrete anchors were
torqued to 1.5 kip-inch (170 N-m) to provide a small compressive force to the deck.
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Flexural Strengthening Using Glass Fiber Reinforced Polymer (GFRP)

The first three shear tests (i.e., A7L, B7L, and C7L) reached a much higher applied shear force
than expected, and there was concern that subsequent tests would not experience shear failures
unless the flexural resistance of the girders was increased. GFRP was bonded to the lower
surface and sides of the bottom flange on many of the remaining shear tests in order to increase
the girder flexural capacity. For the tests that included GFRP, the distance from the support
centerline to the start of each bottom and side layer is given in table 10. The GFRP layers were
kept as far from the critical section for shear as possible in order to avoid increasing the girder’s
shear resistance due to the increased longitudinal restraint provided by the GFRP. The effect that
longitudinal strain has on shear resistance was described previously in this report.

Table 10. GFRP used on the shear girders for flexural strengthening.

Distance from Support Centerline to Start of Layer (Inches)
Test Girder Bottom | Bottom | Bottom | Bottom Side Side
Number Design Layer1l | Layer2 | Layer3 | Layer4 | Layer1l | Layer?2

4 7 48 54 60 66 60 66
5-6 7 30 42 54 66 54 66
8-9 5 42 60 78 — 72 —
10-12 5 42 60 78 96 72 90
16-18 6 42 66 78 — 72 —
19-30 8,9 84 108 — — 120 —

1inch =25.4 mm.
—Layer not used.

GFRP used for flexural strengthening of the shear girders consisted of a unidirectional fiber
fabric (SikaWrap Hex 107G) with impregnating resin (Sikadur 300) over a substrate primer
(Sikadur 330). The datasheet for the fiber fabric stated that average tensile strength for the cured
laminate was 87.6 ksi (604.0 MPa) and the elastic modulus was 3,700 ksi (25.5 GPa).

The surface was prepared using a concrete grinder to remove the surface paste and was then
roughened using an abrasive coal-slag blasting media (grit 20-40). The substrate primer was
applied using a roller immediately prior to applying the GFRP layers. The resin and hardener
were blended with an electric paddle mixer. A roller was used to saturate both faces of fiber
fabric. The saturated fabric was unrolled onto the bottom surface of the girder. A hard rubber
roller was used to press the fabric layer in to the substrate primer and remove air bubbles.
Additional layers of GFRP were installed in the same manner.

Test Setup

A sketch of the test setup is shown in figure 9. Figure 10 shows a photograph of the setup for test
C8D after the completion of the test. Before a test, the girder was supported by a roller at the end
being subjected to high shear and by a hydraulic jack at the other end of the span. These supports
are referred to as the “roller support” and the “loading jack,” respectively. The roller support
consisted of a 6-inch (152-mm)-diameter steel roller and a 2-inch (51-mm)-thick steel bearing
plate. The bearing plate had a width of 12 inches (305 mm) and was long enough to fully support
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the width of the girder’s bottom flange. Grout was placed between the girder and bearing plate to
uniformly support the girder.

Span length (1)
Shear span (a) | 36" |
L |12 |
C.L.deckreaction =31 _
N

|_._.——Reaction frame beams

bearing - =

K -
| |
| I
. !
| |
| |
I |
] |
I

Sl LT T ~~——C.L. reaction frame
pherical bearing— =]
| ﬁ?'l |
T ‘ 3 —Spreader beam
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|
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: Load cell assembly

Pt el | ‘ Teflon sheet
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Primary loading jack —
(2) secondary loading jacks — |

| |

i |

| N |

~ *-Lab strong floor o ‘
i C.L. support C.L. loading jack |

ELEVATION VIEW: North Face

Source: FHWA.

1inch =25.4 mm.

C.L. = centerline.

Figure 9. lllustration. Elevation view of the setup for girder shear tests.
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Source: FHWA.

Figure 10. Photo. Test setup on girder test C8D with concrete crushing along the web.

The loading jack is shown in figure 11. The girder rested directly on another 2-inch (51-mm)-
thick and 12-inch (305-mm)-wide steel bearing plate. A greased Teflon™ sheet was placed
between the bearing plate and a roller assembly. The roller assembly consisted of a 6-inch
(152-mm)-diameter roller between two grooved plates. Below the roller assembly was a loadcell
with a 300-kip (1,340-kN) capacity and then a hydraulic jack with a 1,000-kip (4,450-kN)
capacity. If the full 10-inch (254-mm) stroke of the 1,000-kip (4,450-kN) primary actuator was
inadequate to complete a test, two smaller auxiliary hydraulic actuators were used to temporarily
support the girder while spacer plates were installed.
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A. End view. B. Side view.
Figure 11. Photos. Loading jack end and side views.

The load in the jack was controlled by a closed-loop servo-value system. The feedback for the
closed-loop system was provided by the loadcell and by a linear variable differential transformer
(LVDT) with a 10-inch (254-mm) stroke. The loading was applied by specifying the jack force
in load control or by specifying the jack travel in displacement control.

When the jack applied load to the girder, it was reacted by a heavy load frame through a spreader
beam, spherical bearing plates, and two pairs of 300-kip (1,340-kN) loadcells on the deck that
applied the reaction force into the girder. The loadcells were mounted to 4-inch (102-mm)-thick
bearing plates that were grouted to the top of the deck. Figure 9, figure 10, and figure 12 show
the bearing plates, loadcells, and spreader beams. The locations of the loadcell pairs on the deck
are referred to as “deck reaction points” in this report.
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Figure 12. Photo. Concrete deck anchors, loadcells at deck reaction points, and deck strain
gauges.

The distance from the roller support to the deck reaction points and the loading jack is shown in
table 11 for the tests on the type Il girders and in table 12 for the tests on the BT-54 girders. The
distance between the centerline of the roller support and the closest deck reaction point is the
shear span (a). The test region for each girder end is defined as the portion of the girder along the
shear span. The distance from the roller support to the loading jack is the span length (L). The
distance from the end of the girder to the rolling support (L1) and the distance from the rolling
support to the first anchor of the LVDT average strain rosette (L4) are shown in table 11 and
table 12. The variable dimensions a, L, L1, and L4 are shown in figure 13 for the type Il girders.
These four dimensions were held constant for the tests on the BT-54 girders, as shown in

figure 14, but for comparison purposes, the dimensions are shown in table 12. The distance to
the first deck concrete anchor (L2), the total number of anchors (N2), and the (L3) are found in
table 11 and figure 13 for the type Il girders.
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Table 11. Variable dimensions in figure 13 for type Il girders.

Deck Anchors
Test | Girder a L L1 L2 L3 L4
No. Test | (Inches) | (Inches) | (Inches) | (Inches) | N2 (Inches) | (Inches)
1 A7L 96 288 6.0 — 0 — 33
2 B7L 84 258 6.0 10.0 6 10.0 33
3 C7L 84 258 6.0 10.0 6 10.0 19
4 A7D 84 258 6.0 7.0 9 8.0 20
5 C7D 84 258 6.0 7.0 9 8.0 20
6 B7D 84 258 6.0 7.0 9 8.0 20
7 A5D 90 264 6.0 20.0 4 22.0 16
8 B5D 108 306 6.0 20.0 4 22.0 16
9 C5D 108 306 6.0 20.0 4 22.0 16
10 A5L 108 306 6.0 16.0 6 15.0 19
11 B5L 108 306 30.0 31.0 6 15.0 25
12 C5L 108 306 30.0 46.0 5 15.0 25
13 A6D 108 306 6.0 16.0 4 15.0 19
14 B6D 108 306 6.0 16.0 4 15.0 19
15 CceD 108 306 6.0 16.0 4 15.0 19
16 AGL 108 306 30.0 46.0 5 15.0 25
17 B6L 108 306 30.0 46.0 5 15.0 25
18 C6L 108 306 30.0 46.0 5 15.0 25
1inch =25.4 mm.
Note: The concrete deck anchors were 0.75 inch (19.04 mm) in diameter and 12 inches (305 mm) long.
—Dimensions were not applicable.
Table 12. Variable dimensions in figure 14 for BT-54 girders.
a L L1 L4
Test No. | Girder Test | (Inches) (Inches) (Inches) N2 (Inches)
19 C8D 156 420 6 0 39
20 A9L 156 420 6 0 38
21 C8L 156 420 6 0 43
22 A9D 156 420 6 0 35
23 B8D 156 420 6 0 38
24 A8D 156 420 6 0 38
25 B8L 156 420 6 0 32
26 A8L 156 420 6 0 32
27 BOL 156 420 6 0 43
28 CIL 156 420 6 0 43
29 BID 156 420 6 0 35
30 CoD 156 420 6 0 35

1 inch = 25.4 mm.
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Figure 13. llustrations. External instrumentation for type Il girders.
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Figure 14. lllustrations. External instrumentation for BT-54 girders.

Instrumentation

The shear tests were extensively instrumented to measure applied jack force, deck reaction
forces, girder deformations, girder curvature, reinforcement strain, average concrete strain in
the web, strand end slip, and concrete deck strain. The electronic instruments were connected
to a data acquisition system that recorded data at a rate of 0.1 Hz.

Horizontal and vertical deflections were measured using SPs. The locations of the anchor points
for the SPs on the exterior of the type 1l and BT-54 girders are shown in figure 13 and figure 14,
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respectively. Vertical deflections were measured using SPs attached to the bottom flange directl