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Past research programs investigating the shear strength of reinforced concrete
deep beams lack a consensus on the effect of transverse reinforcement on the ultimate
shear strength of reinforced concrete deep beams. Pertinent data regarding the
serviceability performance of deep beams is also largely absent from past research
studies. In addition, the overwhelming majority of test specimens in historical research
studies are significantly smaller than the large-scale deep beams often utilized in practice.

To investigate the shear strength and serviceability performance of large-scale
deep beams, a research study funded by the Texas Department of Transportation was
conducted at the University of Texas at Austin. The objective of the study was to study
the effect of the amount and detailing of transverse reinforcement and bearing area on the
strength and serviceability performance of large-scale deep beam specimens. In addition,
strut-and-tie modeling was evaluated in terms of its ability to provide both a conservative
estimate of ultimate strength and address issues of serviceability in the specimens.

The experimental program consisted of nine tests on three large-scale deep beam
specimens. The specimens are the largest specimens with shear reinforcement reported
in shear research literature. It was found that the amount and detailing of transverse
reinforcement and bearing area had only a marginal effect on the strength and
serviceability performance of deep beams. In addition, the amount of transverse
reinforcement had no effect on the first diagonal cracking load, but a large amount of
transverse reinforcement was effective at reducing crack widths. It was also found that
AASHTO LRFD, TxDOT 4371, and ACI 318 Appendix A strut-and-tie modeling

provisions each provided conservative estimates of strength in the specimens. However,

\



the strut-and-tie modeling provisions of ACI 318 Appendix A were not adequate from a
standpoint of serviceability, if the formation of diagonal cracks under service loads is not
desired.

Vi
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CHAPTER 1

Introduction

1.1 OVERVIEW

The geometry or loading configuration of a reinforced concrete member
may cause it to contain regions of discontinuity where complex states of stress
and nonlinear distributions of strain exist. In such regions it cannot be assumed
that plane sections remain plane after loading, and therefore traditional design
assumptions do not apply. In particular, the assumption of a linear strain
distribution is invalid.

The design of members with regions of discontinuity, such as deep beams,
requires a unique set of considerations. In the past, regions of discontinuity were
designed using rules of thumb and reinforcement was placed using empirical
equations. More recently, strut-and-tie modeling (STM) has been adopted as a
design tool in major structural design codes in the United States. In STM, the
complex flows of stress in a discontinuity region are represented by a series of
simple axially-loaded elements. The design of each element using structural
mechanics dictates the amount and location of reinforcement, i.e. detailing of
reinforcement.

Strut-and-tie modeling is governed by the lower bound theory of
plasticity, and is therefore inherently conservative. On the other hand, STM does
not permit design by serviceability limit states. Therefore, empirical code
provisions are used in conjunction with STM to successfully design deep beams.

The amount of transverse reinforcement required within a deep beam
designed using strut-and-tie modeling is typically dictated by the amount of
reinforcement required to restrain tensile dispersion forces in bottle-shaped strut

1



elements. The two major U.S. design codes stipulate different requirements for
the minimum amount of transverse reinforcement in a deep beam. The minimum
transverse reinforcement requirements of the AASHTO LRFD Bridge Design
Specifications result in approximately 40% additional transverse reinforcement in
comparison to the specifications of ACI 318-05 Appendix A.

From past research programs, there is no consensus on the effect of
transverse reinforcement on the ultimate shear strength of deep beams. In
addition, pertinent data regarding the serviceability performance of deep beams is
largely absent from past research studies. The overwhelming majority of test
specimens in historical research studies are significantly smaller than the large-

scale deep beams often utilized in practice.

1.2 OBJECTIVES OF RESEARCH

A research project, funded by the Texas Department of Transportation,
was initiated at the Ferguson Structural Engineering Laboratory at the University
of Texas at Austin. The objective of the research project was to evaluate the
effect of the amount and detailing of transverse reinforcement, and the applied
load bearing area, on the strength and serviceability performance of large-scale
reinforced concrete deep beams. In addition, strut-and-tie modeling was
evaluated in terms of its ability to provide both a conservative estimate of ultimate
strength and address issues of serviceability in the specimens. The project is
described in this thesis.

1.3 ScoPE OF RESEARCH

Within the current project an extensive literature review was completed,
along with experimental research on the strength and serviceability performance
of reinforced concrete deep beams. The literature review encompasses over a

half-century of research studies that were performed to investigate the effect of
2



transverse reinforcement in deep beams. The experimental program consisted of
a series of nine tests on three deep beam specimens. Multiple tests were
performed on each specimen. The specimens contained varying amounts of
transverse reinforcement and were similar in scale to existing large-scale bent

caps designed by the Texas Department of Transportation.

1.4 CHAPTER OUTLINE

The contents of this document are spread over five chapters. Chapter 2
provides a brief introduction to discontinuity regions in reinforced concrete
members and to the basic concepts of strut-and-tie modeling. In addition, the
chapter contains a summary of strut-and-tie modeling provisions for various
design codes, with an emphasis on provisions regarding the design of transverse
reinforcement.  An extensive literature review of the effect of transverse
reinforcement on the shear strength and serviceability performance of deep beams
is included.

The experimental program is described in Chapter 3, including
information on the test setup, testing procedure, test specimens and
instrumentation used to collect experimental data. The chapter also contains a
discussion of objectives considered in the design of test specimens. The test
specimens are compared with structural members utilized by TxDOT.

The results of the experimental program are presented in Chapter 4. The
effect of each of the test variables on the strength and serviceability performance
is discussed. The chapter also contains analysis of the experimental results,
including an evaluation of the ability of strut-and-tie modeling to provide both a
conservative estimate of ultimate strength and address issues of serviceability in
the specimens. In addition, a provision stipulating a minimum transverse

reinforcement ratio is presented.



Finally, Chapter 5 contains a summary of conclusions from the current

study. Recommendations for future work are also provided.



CHAPTER 2

Background

2.1 INTRODUCTION TO DISCONTINUITY REGIONS AND DEEP BEAMS

Reinforced concrete structural members are typically separated into regions
referred to as either beam regions, also called B-regions, or as discontinuity regions, or
D-regions (MacGregor and Wight, 2005). The former definition is reserved for regions
with simple states of stress and linear distributions of strain. The behavior of B-regions is
well understood, and with the assumption that plane sections remain plane a great
majority of beam designs are handled with relative ease. Conversely, D-regions contain
nonlinear distributions of strain and complex states of stress; historically the design of
such regions has proven to be somewhat more difficult, due to the lack of simple and
practical design methods and clear understanding of the behavior.

Discontinuity regions are subdivided into two types. Geometric discontinuities
are a result of abrupt geometric changes within a structural member, whereas statical
discontinuities occur as a result of concentrated loads or reaction points. Examples of
geometric discontinuities, such as dapped beams or members that contain openings, and

statical discontinuities, such as deep beams, are shown in Figure 2-1.
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Figure 2-1: Typical discontinuity regions (ACI 318-05, Appendix A)

The serviceability and strength of D-regions is the main focus of this research
project. Figure 2-2 shows the D-regions for a deep beam supporting an asymmetrically
applied concentrated load, similar to the test specimens in the current research project.
ACI 318-05 defines a deep beam as one with a clear span equal to or less than four times
the overall member depth, or as one that supports a concentrated load applied within
twice the member effective depth of the support (that is, a/d < 2.0). For clarity, ACI
318-05 provisions indicate that the above definition applies when a member is loaded on
one face and supported on the opposite face. Similarly, AASHTO LRFD Bridge Design
Specifications (4th Edition) defines a deep beam as one where the distance between the
centers of applied load and supporting reactions is less than about twice the member

thickness.
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Figure 2-2: D-Regions in an asymmetrically loaded deep beam

2.1.1 Strut-and-Tie Modeling

It is well-established that the traditional beam theory does not apply to D-regions.
Until recently, ACI-318 and AASHTO LRFD design provisions for D-regions consisted
of little more than a series of empirical rules of thumb. This was true of code equations
for deep beam shear design, in which the shear strength due to reinforcement was an
empirical combination of horizontal and vertical shear steel.

More recently strut-and-tie modeling (STM) has been incorporated into American
structural design codes. The origins of strut-and-tie models (STM) can be traced back to
Ritter (1899) and Mdrsch (1903), but codification of STM in the U.S. did not occur until
1989 with provisions included in the AASHTO Guide Specifications for Design and
Construction of Segmental Concrete Bridges. STM design provisions were adopted by
the AASHTO LRFD Bridge Design Specifications in 1998, and ACI-318 in 2002.

The complex flows of stress in a discontinuity region are represented by a series
of simple axially-loaded members in a typical STM, creating a straightforward design
method. Aside from its relative ease of use, STM is also inherently conservative. The
method conforms to the lower bound theory of plasticity, which ensures that the collapse

load of a member will be equal to or greater than the capacity estimated by STM.
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The three fundamental elements of a strut-and-tie model are struts, ties, and
nodes. Struts are model members that carry compressive stress; strut forces are generally
carried by concrete that is restrained by reinforcing bars. Ties transfer tensile forces,
which are generally carried by reinforcing bars. Nodes are regions of intersection
between struts and ties, and are typically named according to STM elements that frame
into the nodes. For example, a node that is situated at the intersection of a strut with two
ties is referred to as a CTT node, where each ‘C’ or ‘T’ refers to the compressive or
tensile nature of the elements that connect to the node.

Struts are generally designated as being one of three types: a prismatic strut of
uniform cross-section, a compression fan characterized by stresses flowing radially
outward from a single point, or a bottle-shape strut (Brown et al., 2006). A bottle-shaped
strut can develop when compressive stresses disperse through the depth of a structural
member.

The different types of struts are used to model different parts of a deep beam.
When a strut is used to model the compression block of a flexural member, it is often
considered prismatic. Conversely, diagonal struts are nearly always considered bottle-
shaped. In addition, a fan-shaped strut can occur due the application of a distributed load.

Figure 2-3 illustrates the different types of struts in a deep beam.



T

(a) Prism
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/

Figure 2-3: Strut types in a deep beam (Brown et al., 2006)

Typically nodes are assumed to be hydrostatic. Hydrostatic nodes have equal

stresses on all faces, and strut or tie forces that act perpendicular to each face. However,



the geometry of a deep beam can often times make use of hydrostatic nodes difficult. An

example is shown in Figure 2-4.

\ /
T —

Figure 2-4: Impractical use of hydrostatic nodes in a beam (Brown et al., 2006)

In such a case, non-hydrostatic nodes can be used. Faces of non-hydrostatic
nodes are not perpendicular to incoming strut and tie forces. The result is the formation
of shear stresses along the node faces. While the code does not limit the use of non-
hydrostatic nodes, it is suggested by Schlaich, Schifer, and Jennewein (1987) that the
stress on any face of a given non-hydrostatic node should not be more than double the
stress on any other face. In this way, shear stresses and distortions within a node can be

limited.
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Figure 2-5: Stresses on hydrostatic and non-hydrostatic nodes (Brown et al., 2006)

Deep beams designed using STM can be modeled in a number of different ways.
Four typical deep beam strut-and-tie models are shown in Figure 2-6. The one-panel
model neglects the contribution of vertical shear reinforcement. The two-panel model
accounts for vertical shear reinforcement and assumes a single vertical tie at the mid-
length of the shear span. The superimposed model assumes a combination of the one and
two-panel models. Finally, the fanned strut model assumes a vertical tie at the location of

each stirrup in the shear span. Although the latter two models closely represent the flow

11



of forces within a deep beam, they are also difficult to successfully model; in particular,

the geometry of the interior nodes is ambiguous.

‘ ¢) Superimposed Model 4 4 d) Fanned Strut Model 4

Figure 2-6: Deep beam strut-and-tie models

The test specimens of the current research project were modeled using both one
and two-panel models. The applicability and conservatism of each of these models for

the test specimens is discussed in Chapter 4.

2.2 DESIGN OF DEEP BEAMS

As outlined above, discontinuity regions and beam regions within a member
exhibit very different structural behavior. As a result, the design of each requires a
unique set of considerations and design equations.

The shear design of a beam loaded such that the shear span to depth ratio, a/d, is
greater than 2.0 must meet code stipulations for sectional shear design. Sectional design

equations can be quite straightforward. ACI 318-05 separates the contribution of

12



concrete and reinforcement to shear strength; the equation for each is listed as Equations
2-1 and 2-2, below. The AASHTO LRFD Bridge Design Specifications, on the other
hand, stipulate sectional shear design through the more complex Modified Compression

Field Theory (MCFT).

V.=2f'.b,d Equation 2-1

where:

V. = nominal shear strength provided by concrete (Ib)
1. = specified concrete strength (psi)

b,, = web width (in)

d = member effective depth (in)

Jy = yield strength of reinforcement (psi)

yo=—< Equation 2-2

where:

V. = nominal shear strength provided by shear reinforcement (Ib)
A, = Area of shear reinforcement within a distance s (in”)

Jy = yield strength of reinforcement (psi)

d = member effective depth (in)

s = spacing of shear reinforcement, measured in a direction parallel

to shear reinforcement (in)

Conversely, a member loaded such that a/d < 2.0 is considered a deep beam, and
must be designed with a different set of code provisions. As outlined above, strut-and-tie
modeling is the method most commonly used in deep beam design. Regardless of the

strut-and-tie model or design method selected to design a given deep beam, transverse
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reinforcement is necessary to restrain diagonal cracks due to dispersion forces in diagonal
bottle-shape struts, and to provide adequate shear strength of the member.

ACI 318-05 and AASHTO LRFD each provide provisions for strut-and-tie
modeling that stipulate a minimum amount of transverse reinforcement. In addition,
TxDOT Research Project 4371 provides suggested modifications to the AASHTO STM
provisions. The STM design provisions and minimum transverse reinforcement
requirements for deep beams included in these structural design codes are outlined in this

section.

2.2.1 Strut-and-Tie Modeling Provisions

2.2.1.1 AASHTO LRFD Bridge Design Specifications
The AASHTO LRFD Bridge Design Specifications (4th Edition) STM provisions

limit the allowable stress on the faces of the struts and nodes. The factored resistance of

a strut or tie element is given by:

P =¢P, Equation 2-3
where:
P, = factored axial force in a strut or tie (kip)
P, =nominal force of a compressive strut (kip)
¢ = resistance factor (Table 2-1)
The nominal capacity of a strut element is given by the equation:
P =f A, Equation 2-4

where:
P, =nominal resistance of a compressive strut (kip)

feu = limiting (usable) compressive stress (ksi)
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A. = effective cross-sectional area of strut (in®)

The minimum cross-sectional area of a strut will occur at its interface with an
adjoining node, and can be limited to by the AASHTO limited strut width provision,
discussed in section 2.2.1.1.2. The limiting compressive strength of a strut is based on

the Modified Compression Field Theory (MCFT):

S < :
=—2<¢< <0.85f" Equation 2-5
Sau 0.8+170¢, I f
g =&, + (& +0.002)cot’ a, Equation 2-6
where:

o, = the smallest angle between the compressive strut and the
adjoining tie (rad)

&, = the tensile strain in the concrete in the direction of the tension
tie (in/in)

f = specified concrete strength (ksi)

feu = limiting (usable) compressive strength (ksi)

The usable compressive strength is a function of the angle between the strut and
adjoining tie. As a result, a strut that adjoins to a tie with a shallow angle will have a low
strut efficiency. The limiting compressive strength is also based the anticipated tensile
strain the concrete, €. This term can be measured in a laboratory setting, but is difficult
for designers to correctly anticipate.

The nominal capacity of a node is:

15



P, = fuA e
where:
P, = nominal capacity of a node (kip)
feu = limiting (usable) compressive stress (ksi)

A,0qe = area of node face (inz)

The limiting compressive stress is simply equal to the product of the node
efficiency factor and the nominal concrete compression strength. The value of the node
efficiency factor depends on the type of node (Table 2-1).

The capacity of a tie is given by:

P=fA Equation 2-7

n y st

where:
P, = nominal resistance of a tie (kips)
/v = yield strength of reinforcement in the tie (ksi)

A,; = area of reinforcement in the tie (inz)
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Table 2-1: Strut and node efficiency factors

Strut or Node ACI 318-05 AASHTO LRFD
Efficiency Bs ¢ v ¢
Strut with

uniform 1.0 0.75 Equation 2-5 0.70

cross-section
Bottle-shaped
strut with
reinforcement 0.75 0.75 Equation 2-5 0.70
satisfying
A.3.3
Bottle-shaped
strut without

reinforcement 0.60 0.75 Equation 2-5 0.70
satisfying
A.3.3
Struts in
tension 0.40 0.75 Equation 2-5 0.70
members
All other 0.60 0.75 Equation 2-5 0.70
cases
CCC Node 1.0 0.75 0.85 0.70
CCT Node 0.80 0.75 0.75 0.70
CTTor TTT 0.60 0.75 0.65 0.70
Node

2.2.1.1.1 Minimum Transverse Reinforcement

Four separate provisions for minimum transverse shear reinforcement in deep
beams are specified in the AASHTO LRFD Bridge Design Specifications. Two of the
four are designated specifically for deep beam design, and all but one are based on
serviceability requirements rather than strength requirements.

The only requirement based on strength considerations is given in AASHTO
5.8.2.5, as part of the reinforcement requirements for shear and torsion:

4,200316y 7, Z;js Equation 2-8
v

where:

. )
A, = area of shear reinforcement (in”)
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1. = specified concrete strength (ksi)
b, = beam width (in)
s = stirrup spacing (in)

/= yield strength of the reinforcement (ksi)

A serviceability provision is provided in AASHTO 5.7, the section of the code
that provides design requirements for flexural and axial effects. AASHTO 5.7.3.4
specifies that for members exceeding 36 inches in depth, longitudinal skin reinforcement
must be uniformly distributed along both faces of the member for a distance d./2 nearest
the flexural reinforcement. The area of this skin reinforcement must satisfy:

As + Aps

A, >0.012(d, -30)< Equation 2-9

where:

Ay = area of skin reinforcement (in*/ft)
d, = effective beam depth (in)

A, = area of tensile reinforcement (in?)

A, = area of prestressing steel (inz)

In addition, the spacing of the longitudinal reinforcement may not exceed d./6 or
12 inches.
Another provision based on serviceability requirements is included in AASHTO

5.13.2.3, and is specified exclusively for deep beams:

Np=¢f,4, 20.12b s Equation 2-10

where:
/= yield strength of the reinforcement (kst)
A, = area of tensile reinforcement (inz)
b, =beam width (in)
18



s = stirrup spacing (in)

A grid of reinforcement must be provided along each vertical face of a member;
The amount of reinforcement in each orthogonal direction must satisfy Equation 2-10.
The spacing of the reinforcing bars in the grid may not exceed d./3 or 12 inches. For
beams that are less than 10 inches wide, the code specifies that a single grid of
reinforcement may be used in lieu of a grid at each face.

A final serviceability provision specifies a minimum amount of crack control
reinforcement. AASHTO 5.6.3.6 specifies that structures designed using STM “shall
contain an orthogonal grid of reinforcing bars near each face. The spacing of the bars in
these grids shall not exceed 12.0 in. The ratio of reinforcement area to gross concrete
area shall not be less than 0.003 in each direction.” This provision is more conservative
than deep beam transverse reinforcement requirements in other structural design codes,
such as ACI 318-05.

The code commentary suggests that for thinner members, the crack control
reinforcement should consist of two orthogonal grids, one at each face. For very wide
members, the commentary suggests that multiple grids throughout the width of the
member may be necessary. Notably, the code specifies that this crack control
reinforcement may also be utilized as tie reinforcement in the strut-and-tie model.

As specified above, both the horizontal shear reinforcement ratio (pn) and the
vertical shear reinforcement ratio (py) of a deep beam must be equal to or greater than
0.003. However, the code does not specify whether flexural longitudinal reinforcement
placed near side faces may also be counted as horizontal skin reinforcement.

It is reasonable to assume that flexural reinforcement will restrain cracks in areas
adjacent to the reinforcement. Using this assumption, the gross area used in the
calculation of p, omitted the concrete area that is adjacent to longitudinal reinforcement.
Thus, in the example of the beam shown in Figure 2-7, py is calculated as the area of

horizontal shear reinforcement divided by the area shaded in gray. The depth of each
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unshaded area is roughly equal to twice the distance from the centroid of the longitudinal
reinforcement to the nearest face. This interpretation was suggested by the TxDOT
project director of the current study, Mr. Dean Van Landuyt, and was utilized for the

calculation of py, for test specimens in the current experimental program.

36"

#5 Bar Skin —

Reinforcement \ i

48" r 1

e

#11 Longitudinal —/

Bar (Typ.)

#5 Stirrup —
(Typ.)

Figure 2-7: Calculation of py in a current project specimen

2.2.1.1.2 Limited Strut Width Provision

AASHTO LRFD Bridge Design Specifications strongly encourage the use of
multiple stirrup legs for wide members. The code stipulates that when struts are
anchored by reinforcement (such as stirrups anchoring a CTT node in a deep beam), only
areas near the plane of the stirrup legs may be utilized as part of the strut. Thus, the
width of strut may be limited if stirrup legs are not adequately distributed throughout the
width of a member, as shown in Figure 2-8a. In addition, the vertical height of a node is
limited by the placement of adjoining longitudinal reinforcement, as shown in Figure

2-8b.
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The limited strut width provision is intended for use in D-regions, and is based on
research by Collins and Mitchell in 1986 on members subjected to torsion (Brown et al.,
2006). However, there has been very little research on its applicability to strut-and-tie
modeling. An examination of this code provision’s applicability to large-scale deep

beams designed using STM is an objective of the current research program.
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Figure 2-8: AASHTO limited strut width provision (AASHTO LRFD Figure 5.6.3.3.2-
1, Brown et al., 2006)
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2.2.2 TxDOT Research Project 4371

University of Texas researchers developed new STM design expressions as part
of TxDOT research project 4371. The expressions were presented in the form of
modifications to the current AASHTO code, and can require less transverse steel than the
current AASHTO provisions.

Two modifications were suggested to the transverse reinforcement requirements
of AASHTO. The first is a modification of the crack control reinforcement provision in
AASHTO 5.6.3.6. The modified expressions stipulate that the amount of reinforcement

within a strut shall be calculated as:

2 2
P, = An + Ay Equation 2-11
bs, bs,

where:

pL = equivalent reinforcement perpendicular to the strut axis

A,y = total area of horizontal reinforcement in a strut within
spacing sy (in”)

b = width of the member (in)

sy = spacing of horizontal reinforcement (in)

Ay = total area of vertical reinforcement in a strut within a spacing
sy (in)

sy = spacing of vertical reinforcement (in)

This method of quantifying the amount transverse reinforcement crossing a strut
is practically identical to the ACI minimum transverse reinforcement provision (Equation
2-18) that will be introduced in the following section.

The TxDOT 4371 modifications specify that that the minimum amount of

reinforcement within a strut shall be taken as:

PLomin = fll?ﬁ >0.003 Equation 2-12
m
y
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where:
P, = factored load in a strut (kip)
/= yield strength of the reinforcement within a strut (ksi)
b = width of the member transverse to the plane of the strut-and-tie
model (in)
¢ =length of the strut (in)

m = slope of the angle of compression dispersion (see Figure 2-9)

|

1
&
DI

2b
¢ >b +£ m= A

bef:g,— min 6 b.—b

[ min

Figure 2-9: Dispersion of compression in a bottle-shaped strut; view is perpendicular
to the plane of the dispersion of compression (Brown et al. 2006, Schlaich and
Weischede 1982)

The efficiency factor for a strut that is reinforced with this minimum amount of

transverse reinforcement is given by:

V= 08tanf I, Equation 2-13

\/f_'c w, sin @
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But not greater than the minimum of 0.85 l’f and 0.85.
w, sin@

Conversely, if a given strut does not have sufficient reinforcement as defined by
Equations 2-11 and 2-12, its strut efficiency is given by:

V= 0.85tan 0 Z’f Equation 2-14
3{f". w,sing

- /
But not greater than the minimum of 0.85—*— and 0.85.
w, sin@

where:

P, = nominal capacity of a strut (kips)

v = efficiency factor
/. = specified compressive strength (ksi)

A. = cross-sectional area of the strut at the face of the node (in%)
6 = angle between the compressive strut and the adjoining tie.
(degrees)

¢ =length of the node adjoining the strut. For CCC and CCT
nodes ¢/, = (. For CTT nodes and 7, = ¢, (see Figure 2-8)
wy = width of the strut at the face of the node (see Figure 2-8)

2.2.3 ACI 318-05

ACI 318-05 allows two different methods for the design of deep beams. ACI 10.7
stipulates it is permissible to design a deep beam by either taking into account its

nonlinear strain distribution, or by using the strut-and-tie provisions outlined in
Appendix A of ACI 318-05.

The strut-and-tie provisions of Appendix A specify the nominal strength of a
strut, tie, or node is based on:

} Equation 2-15
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where:

F, = nominal strength of strut, tie, or node (Ibs)

F, = force in a strut or tie, or force acting on one face of a nodal
zone (Ibs)

@ = strength reduction factor (Table 2-1)

The nominal capacity of a strut is given as:

F, = f.A Equation 2-16

Jou =085B,1". Equation 2-17

where:

F,s =nominal strut capacity (Ibs)

f.u = effective concrete compressive strength (psi)
A = cross-sectional area at one end of the strut (in”)

(3 s = strut efficiency factor (see Table 2-1)

f*. = concrete compressive strength (psi)
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The effective concrete compressive strength is taken as the lesser of f;, in the strut
or fy, in the adjacent nodal zone. The strut efficiency factor 35 depends on the strut type;
ACI 318-05 stipulates a different efficiency factor for each of five different strut types
(Table 2-1).

If a bottle-shaped strut is utilized, the strut efficiency depends on the amount of
transverse reinforcement provided. A less stringent strut efficiency factor is required if
transverse reinforcement is provided as per ACI A.3.3, which stipulates that
reinforcement across the strut must be placed in one of two ways. The first method for
assigning reinforcement stipulates layers of transverse reinforcement must cross the
bottle-shaped strut in order to satisfy:

A, :
> Zisina, >0.003 Equation 2-18

bs.

1

where:

A, = area of surface reinforcement in the i layer crossing a strut
(in?)

s; = spacing of reinforcement in the i" layer adjacent to the surface
of the member (in)

b = width of strut perpendicular to the plane of reinforcing bars (in)
a; = angle between the axis of a strut and the bars in the i™ layer of

reinforcement crossing that strut (deg)

Nomenclature for this provision is illustrated in Figure 2-10.
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Figure 2-10: Nomenclature for Equation 2-18 (Brown et al., 2006)

As an alternate method, a strut-and-tie model may be used to represent the
dispersion of forces within a bottle shape strut (Figure 2-11). Transverse reinforcement is
placed to meet the requirements of the ties within that model. It is permitted to assume
the compressive force in the strut spreads at a slope of 2 longitudinal to 1 transverse

(Figure 2-11).
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Assumed STM
C = Strut
T =Tie

Figure 2-11: Strut-and-tie model for a bottle-shaped strut (Brown et al., 2006)

The nominal strength of a node in ACI 318-05 Appendix-A provisions is given

as:
F,=1.4, Equation 2-19
j;u = 0'85ﬂnf'c Equatlon 2‘20

where:
F,, = nominal strength of nodal zone face (Ibs)

feu = effective concrete compressive strength (psi)
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A, = cross-sectional area of a node face (in®)
S, = node efficiency factor (see Table 2-1)

f’. = concrete compression strength (psi)

The capacity of a tie element is given by:

F,=4,f, Equation 2-21

where:
Fy« = nominal capacity of a tie (Ibs)
fy = yield strength of reinforcement in the tie (psi)

A, = area of reinforcement in the tie (in2)

In lieu of using strut-and-tie modeling, it is permissible to use a design method
that accounts for the nonlinear strain distribution of deep beams. However, the code does
not offer guidance on completing design using this method, other than to stipulate
minimum transverse reinforcement requirements. If this method is used, the designer
may either satisfy the above requirements of ACI 318-05 Appendix A, or two other
requirements, listed in ACI 11.8.4 and 11.8.5, respectively:

A, >0.0025b, s Equation 2-22
A, >0.0015b,s, Equation 2-23
where:

A, = area of shear reinforcement perpendicular to the span (in”)
Ay = area of shear reinforcement parallel to the span (in®)
s = spacing of shear reinforcement measured in a direction parallel

to longitudinal reinforcement (in)
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s = spacing of shear reinforcement measured in a direction
perpendicular to longitudinal reinforcement (in)

by, = web width (in)

Additionally, both s and s, must not exceed d/5, or 12 inches. It is of note that the
vector sum of the coefficients in Equations 2-22 and 2-23 (that is, 0.0025 and 0.0015)
were used as the basis for the coefficient in Equation 2-18. Notably, ACI 11.8.3

stipulates that the nominal shear capacity of member shall not exceed10,/ f'.b,d .

Given the lack of simple and reliable design methods that incorporate a nonlinear
strain distribution, the current research program will focus on the design methods of ACI

318-05 Appendix A.

2.3 TxDOT BENT CAP FIELD EVALUATION

A number of TxDOT structural deep beams have recently exhibited poor
serviceability performance. The questionable performance of these members partially
spurred the funding of the current research project. This section highlights the
performance of two such deep beams. The design details of these and other TXDOT bent

caps are further discussed in section 3.4.

2.3.1 Greens Road Bent Cap

Recently a number of bent caps in the Houston area have developed significant
diagonal shear cracks. These bent caps are part of the superstructure of 1-45 over Greens
Road, and were designed in 1993 using the AASHTO Standard Specifications. The bents
typically consist of multiple spans, and therefore contain longitudinal reinforcement near
both the top and bottom faces of the beam to provide adequate capacity for both positive
and negative moments. A typical cross-section is shown in Figure 2-12, and

reinforcement details are listed in Table 2-2.
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Figure 2-12: Greens road bent cross-section

Table 2-2: Greens road bent reinforcement details

Vertical Shear Reinforcement Four-legged #5 stirrups @ 6”
pv 0.0065
Horizontal Shear Reinforcement (8) #5 bars
pu* 0.0020
A, .
> “ising, 0.0068
bs,
Tensile Longitudinal Reinforcement (28) #11 bars
oL 0.0124

*As defined in section 2.2.1.1.1

Inspections performed in 2005 revealed significant shear cracking in the bents,
with diagonal cracks as wide as 0.030 inches. Due in part to the lack of applicable

research on large scale deep beams, the bent caps underwent a structural retrofit in 2005
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to ensure their structural integrity. Photographs of the bent caps and shear cracks are
exhibited in Figure 2-13.

The bent caps performed poorly even though the design adhered to the AASHTO
Standard Specifications. The Greens Road bent caps contained quantities of vertical
shear reinforcement well in excess of both current AASHTO LRFD standards and

TxDOT Project 4371 recommendations.

Figure 2-13: a) Typical cracking pattern; b) Highlighted diagonal shear cracks; c)
Completed structural retrofit

2.3.2 1-345 Pier Cap

A large pier cap supporting the northbound lanes of Interstate 345 in downtown
Dallas, Texas recently exhibited significant shear cracking. A typical cross-section is
shown in Figure 2-15, and pertinent member details listed in Table 2-3. The shear span
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pictured in Figure 2-14b), which has an a/d ratio of approximately 1.78, exhibited
maximum shear crack widths of approximately 0.060 inches.

The cap was designed in 1968 using the AASHTO Standard Specifications, and
contains a significant amount of vertical shear reinforcement. However, the shear span
pictured in Figure 2-14b was re-evaluated using TxDOT 4371 design provisions (section

2.2.2) and found to have inadequate capacity.

Table 2-3: 1-345 cap reinforcement details

Vertical Shear Reinforcement Four-legged #6 stirrups @ 5 %%”
pv 0.0049
Horizontal Shear Reinforcement (10) #5 bars
pu* 0.00049
A, .
D —ising, 0.0049
bs,
. - . (24) #11 bars top
Tensile Longitudinal Reinforcement (45) #14 bars bottom
oL 0.0175

*As defined in section 2.2.1.1.1

Figure 2-14: a) Interstate 345 pier cap in Dallas, TX; b) Highlighted diagonal shear

cracks
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Figure 2-15: 1-345 bent

2.4 STATE OF KNOWLEDGE: SHEAR STRENGTH OF DEEP BEAMS

As part of Research Project 4371 recently completed at the University of Texas, a
database of shear tests was compiled from nearly 50 years of technical literature. The
database contains over 1,200 shear tests, of which nearly 500 are tests performed on deep
beams.

Analysis of the test specimens contained in the shear database sheds light on
trends in modern shear testing. The overwhelming majority of shear tests performed in
the last 50 years have been conducted on test specimens that are much smaller than bents
recently designed by TxDOT, as indicated in Figure 2-16 and Figure 2-17. The figures
simultaneously highlight the lack of testing on large-scale specimens and the unique
nature of the specimens tested in the current research program.

The specimens in the current research program are among the largest ever tested.
In fact, the specimens in current research program may be the largest ever tested (in terms

of gross area) when considering only specimens that contained transverse reinforcement.
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2.5 LITERATURE REVIEW

Many research projects investigating the effect of transverse steel in the shear
strength of deep beams have been completed in recent history. A large number of these
studies are summarized and discussed in the following sections. These research studies
are outlined and discussed individually in chronological order. The conclusions of the
studies are summarized at the conclusion of the review.

The three main variables discussed are the vertical shear reinforcement ratio,
horizontal shear reinforcement ratio, and the quantity and transverse spacing of stirrup
legs. These variables are discussed in terms of their effect on both ultimate shear strength
and serviceability performance on deep beams. A number of studies that contain

specimens loaded such that a/d is just above 2.0 are also included in the review.

2.5.1 DePaiva and Siess (1965)

DePaiva and Siess tested 19 simply supported deep beams with varying amount of
longitudinal tensile reinforcement, the concrete strength, the a/d ratio, and the amount
and location of vertical shear reinforcement. Some specimens included inclined shear
reinforcement in lieu of orthogonal shear reinforcement. The beams were tested at third
points with L/d ratios of 2, 3 or 4, corresponding to a/d ratios of 0.67, 1.0, and 1.33. The
compressive strength ranged from 2890 to 5360 psi. The specimens had effective depths
ranging from six to 12 inches, and widths ranging from two to four inches. They were
heavily reinforced, with vertical shear reinforcement ratios ranging from 0.0070 to
0.0142.

The researchers found that vertical or inclined shear reinforcement had very little
effect on the ultimate strength of the beams. However, they noted that that increased
shear reinforcement made the beams less likely to fail in shear. In addition it was found
that the shear reinforcement had no effect on the formation of inclined cracks, but did

have an effect on deflection.

38



2.5.2 Leonhardt and Walther (1966)

Leonhardt and Walther led a series of studies in the 1960s to investigate the shear
strength of reinforced concrete deep beams. One series tested 11 large-scale deep beams;
nine of the tests were conducted on single-span beams, while two others were completed
on double-span deep beams.

The researchers found the ultimate shear strength of deep beams is independent of
web reinforcement (Kong, Robins, and Cole, 1970). It was noted that beams
demonstrated “arch” behavior; that is, forces flowed directly from the point of the loading
to the support. Their work formed the basis of the 1978 European CEB-FIP Model Code
design provisions for deep beams (Rigotti, 2002).

2.5.3 Kong, Robins, and Cole (1970)

Thirty-five simply supported deep beams were tested in an effort study of the
effect of orthogonally placed shear reinforcement on the failure mode, ultimate load in
shear, crack widths, and crack patterns in deep beams. The beams had depths ranging
from 10 to 30 inches, a three inch width, concrete strengths of approximately 3000 psi,
and a/d ratios ranging from 0.23 to 0.70.

The transverse reinforcement configurations of the specimens are shown in Figure
2-18. A wide range of transverse reinforcement ratios were tested; the vertical shear
reinforcement ratio ranged from 0.0061 to 0.0245, while the horizontal shear
reinforcement ratio ranged from 0.0017 to 0.0245.

The researchers found that the effectiveness of shear reinforcement depended on
the a/d ratio. Whereas vertical reinforcement was effective in reducing cracks widths at
higher a/d ratios (such as 0.7), horizontal reinforcement was most effective at low a/d
ratios (such as 0.35), particularly when spaced closely and near the bottom of the beam.
In addition, all the specimens had similar modes of shear failure, regardless of
reinforcement amount or arrangement; nearly all the specimens failed by diagonal

splitting and crushing of concrete under the bearing area.
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The researchers also made observations regarding the serviceability performance
of the specimens. It was found that transverse reinforcement had no effect on the
cracking pattern. The researchers noted that while crack widths were generally inversely
proportional to shear reinforcement ratio, the widths also depended heavily on the
arrangement of reinforcement within the beam. The formation of parallel shear cracks
occurred at about 70 to 90% of the ultimate applied load, and was therefore a strong

indication of impending failure.

Figure 2-18: Transverse reinforcement configurations (Kong et al., 1970)
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2.5.4 Smith and Vantsiotis (1982)

Smith and Vantsiotis tested 52 deep beams in an effort to determine the effect of
shear reinforcement and shear span-to-effective depth ratio on first shear cracking, crack
width, and ultimate strength. The beams had a concrete strength of approximately 2800
psi and an effective depth of 14 inches. The vertical shear reinforcement ratio (py) was
varied from 0.0018 to 0.0125, horizontal shear reinforcement ratio (p,) was varied from
0.0023 to 0.0091, and a/d was varied from 0.77 to 2.01.

The researchers observed that p, had a moderate effect on the ultimate shear
strength, and that vertical shear steel was most effective for a/d ratios greater than one.
Conversely it was observed that p, had little or no influence on the ultimate shear
strength, and that the minimal positive effect of horizontal shear steel was only effective
for beams with small a/d ratios. In addition, it was noted that web reinforcement had no
effect on the mode of failure, but that less damage was observed in reinforced beams than
unreinforced beams.

The researchers found that transverse reinforcement had no effect on the
formation of the first inclined crack; inclined cracks first occurred at 40 to 50 percent of
ultimate loads. Also, beams with shear reinforcement had considerably smaller crack

widths than those without, especially at a/d < 1.0.

2.5.5 Hsiung and Frantz (1985)

Hsiung and Frantz tested five one-third scale models of large reinforced concrete
beams, with the intent of studying the effect of stirrup leg spacing in wide beams. The
transverse reinforcement ratio was identical for each of the five specimens, while the
stirrup spacing and quantity of stirrup legs was varied. Four of the beams had two stirrup
legs, one near each edge of the cross-section, while another had six stirrup legs
distributed evenly throughout the width of the beam. As shown in Figure 2-19, the
beams were 18” deep with an effective depth of 16.5”, and with varying widths. The

average concrete strength was 6,235 psi and the a/d ratio was equal to 3.0.
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The researchers found that the ultimate shear capacity of a given beam was
simply proportional to its width; stirrup spacing, stirrup leg quantity, and transverse
distribution of stirrup legs across the web width had no effect on the shear strength.

However, it was noted that the specimen containing multiple stirrup legs exhibited

Figure 2-19: Hsuing and Frantz specimens

greater stresses in interior stirrup legs than exterior stirrup legs.

In addition, several serviceability conclusions were reported. It was found that
surface inclined crack widths were the same for all beams at failure. Previous to the yield

of the shear reinforcement, surface crack widths were smaller for beams with more shear

reinforcement located near the surface.

Table 2-4: Hsuing and Frantz specimen experimental capacities

Beam Width (in) Effective Depth | 3/16” Diameter | Ultimate Shear
(in) Stirrup Capacity (kips)
Configuration
A 6 16.5 1@4.2in 24.8
B 12 16.5 2@4.5in 45.0
C 18 16.5 3@4.2in 76.2
D 18 16.5 3@4.2in 78.2
E 18 16.5 3@4.5in -
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Beams A through D were tested to failure, while Beam E was only loaded to
about 80% of its expected shear capacity. At that point, the load was held constant while
epoxy was injected into the shear cracks. After epoxy curing, the load was removed and
cores located along the main shear crack were removed from the beam. It was found that
there was no significant variation in crack width through the width of the beam. In other
words, a lack of interior stirrup legs did not adversely affect interior crack widths; interior
cracking was no more severe than the exterior cracking.

The relatively constant crack widths throughout the width of the beam refute the
concept that interior stirrup legs are superior from a serviceability standpoint. In fact, the
research suggests that interior stirrup legs are not advantageous from either a strength or
serviceability standpoint. Given the complexity and cost of constructing beams with
interior stirrup legs, this research would suggest it advisable to avoid interior stirrup legs

altogether.

2.5.6 Rogowski, MacGregor, and Ong (1986)

Seven simply supported and 17 two-span reinforced concrete deep beams were
tested. The goal of the study was to study the effect of continuity on deep beams. The
specimens had effective depths ranging from 20 to 40 inches, concrete strengths ranging
from 3,800 to 6,300 psi, and a/d ratios ranging from 1.0 to 2.5.

It was found that horizontal shear reinforcement had no effect on the shear
strength of the deep beams. Beams with light or no reinforcement failed suddenly in
shear, whereas beams with heavy shear reinforcement tended to fail in a ductile manner.
In tests of continuous multi-span beams, it was found that shear reinforcement had no

effect on ultimate shear strength.

2.5.7 Anderson and Ramirez (1989)

Anderson and Ramirez performed a study to determine proper stirrup detailing in
reinforced concrete members with high shear stresses. The researchers tested 12

“narrow” beams that were 8 inches wide and 20 inches deep; the main variable in these
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was the stirrup detailing scheme (Figure 2-20). In addition, four 16 inch by 16 inch
“wide” beams were tested, shown in Figure 2-21. The main variable in the wide beam
tests was the number of stirrup legs and stirrup spacing.

The amount of longitudinal reinforcement was identical for each of the four wide
beam specimens (five #9 bars in the base of the beam and five #5 bars near the top face).
The a/d ratio was approximately equal to 2.0 for all experimental tests. The concrete
strength of the specimens ranged from 4,000 to 6,000 psi.

The researchers reached two major conclusions as a result of the narrow beam
tests. First, it was found that single-legged stirrups (Figure 2-20, scheme 5) had inferior
performance and should not be used. In addition, it was concluded that if U-shaped

stirrups were used, the ends should anchored by hooks that are bent into the concrete

100000

8

corc.

Figure 2-20: Anderson and Ramirez narrow beam stirrup detailing schemes

Beam W1 Beam W2 Beam W3 Beam W4

Double #3 @ 7~ #H3I@ 7 # @3 #3 @5V
Figure 2-21: Anderson and Ramirez wide specimens
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Table 2-5: Anderson and Ramirez Wide Specimen Experimental Results

Beam . (psi) Veest (Kips) Failure Mode
Wi 4230 103.4 Shear-Compression
w2 4670 123.4 Shear-Compression
W3 4690 1134 Shear-Compression
W4 4900 131.4 Flexure

As a result of the wide beam tests, the researchers concluded that it is preferable
for wide beams to contain multiple stirrup legs spaced uniformly across the width of the
cross-section. The researchers found that specimens with only two stirrup legs had
higher strains in the corner longitudinal bars than in interior longitudinal bars. It was
noted the beams with small stirrup spacing lessened the effect of stress concentrations at
the beam corners. Most importantly, it was found that beams with interior stirrup legs

had higher ultimate load capacities (Table 2-5).

2.5.8 Tan, Kong, Teng, and Weng (1997)

Tan et al. tested 18 high strength reinforced concrete deep beam specimens with
compressive concrete strengths ranging from 8,000 to 12,500 psi. Each specimen was
4.29 inches in width, 19.5 inches in depth, and 17.4 inches in effective depth. The main
variables were the a/d ratio, py, and py.

The researchers concluded that the most effective layout of shear reinforcement is
an orthogonal grid consisting of shear reinforcement in both the vertical and horizontal
directions. In addition, it was noted that the vertical shear reinforcement ratio was most
effective at reducing crack widths and increasing the ultimate shear capacity in specimens
loaded such a/d > 1.13.

It was also found that the amount and configuration of transverse reinforcement

steel had virtually no effect on the diagonal cracking load. As established by many
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previous researchers, it was found that the effect of horizontal shear reinforcement

diminishes at span-to-depth ratios greater than 1.0.

2.5.9 Shin, Lee, Moon, Gosh (1999)

Shin et al. tested 30 deep beams in an effort to investigate the effect of the vertical
transverse reinforcement ratio on the first diagonal cracking load and the nominal shear
capacity. Specimens had a concrete strength of 7600 or 10,600 psi, an effective depth of
8.5 in, and a width of 4.9 in; a/d was varied from 1.5 to 2.5. The beams had no
horizontal shear reinforcement and the vertical shear reinforcement ratio (py) was varied
from zero to 0.0181.

It was found that for a given a/d ratio, an increase in vertical shear reinforcement
increased the ultimate shear capacity. However, the mode of failure was not dependent
on py, but rather the a/d ratio. In addition, it was found that p, had no effect on the first

diagonal cracking load.

2.5.10 Oh and Shin (2001)

Fifty-three deep beams were tested in an effort to determine both their ultimate
shear strength and diagonal cracking strength. The beams had concrete strengths ranging
from 3,335 to 10,730 psi, an effective depth of 19.7 inches, and a width of 5.12 inches.
The shear span-to-effective depth ratio (a/d) ranged from 0.5 to 2.0. Specimens had
vertical shear reinforcement ratios were ranging from zero to 0.0034, and horizontal shear
reinforcement ratios ranging from zero to 0.0094.

It was found while p, had a marginal effect on ultimate shear strength, the effect
diminishes for small a/d ratios; pp had virtually no effect ultimate shear strength. Instead,
the a/d ratio was reported to have the greatest effect on ultimate shear strength. The

amount of vertical reinforcement did not greatly affect the first diagonal cracking load.
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2.5.11 Young, Bracci, Keating, Hueste (2002)

Sixteen full scale bent caps specimens were tested in an effort to investigate
cracking in Texas Department of Transportation (TxDOT) bent caps. The beams were
tested at an a/h ratio of approximately 1.5 (corresponding a/d of approximately 1.6), as
shown in Figure 2-22. The three sets of cross-sections that were tested are shown in
Figure 2-23. Among the variables tested were transverse reinforcement detailing and
side face (horizontal shear) reinforcement. The horizontal shear reinforcement ratio was
equal to 0.0010 for all beams, while vertical shear reinforcement ratio was 0.003 for

group #1 and #2 specimens, and 0.006 for group #3 specimens.

Applied Load Applied Load
C
,05lm] 1.37m L 1.37m 0.61 m
I ri Neoprene Bearing Pad 4
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Figure 2-22: Typical bent cap specimen (Young et al., 2002)
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Figure 2-23: Bent cap cross-sections (Young et al., 2002)

Only a small portion of the experimental program was set up to examine
transverse shear reinforcement and its effect on strength and serviceability. It was noted
that horizontal skin reinforcement controlled cracking most effectively when lumped
within the web-tension region. This horizontal reinforcement was effective at controlling
flexural cracks at service loads, but its effectiveness at restraining the cracks diminished
at higher loads.

It was found that the group #3 specimens, which contained four stirrup legs and
twice the vertical shear reinforcement as the previous specimens, had superior
performance. They not only had significantly narrower crack widths than the specimens
with half the vertical shear reinforcement, but were also effective in restraining flexure-
shear cracks at high loads. Figure 2-24 shows a comparison of cracking patterns between

a two-legged stirrup specimen and four-legged stirrup specimen at similar applied loads.
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Two-Leg Stirrup Specimen Four-Leg Stirrup Specimen

Figure 2-24: Comparison of crack patterns (Young et al., 2002)

The researchers did not hypothesize whether the superior performance of the
specimens with four-legged stirrups was due to the quantity of stirrup legs, area of
vertical reinforcement, or both. This issue, along with the effect of horizontal and

vertical shear reinforcement on shear strength, is discussed further in Powanusorn and

Bracci (2006).

2.5.12 Powanusorn and Bracci (2006)

Powanusorn and Bracci evaluated the effects of confinement on shear-dominated
reinforced concrete members, using the experimental program by Young et al. in 2002.
The experimental program by Young et al. was comprised of testing 16 bent caps to
failure. As part of their research the authors developed a new analytical model to
incorporate the beneficial effect of confinement from transverse reinforcement.

The authors compared the performance of the two sets of specimens in Figure
2-25. One set contains two-legged stirrups, while the other contains four-legged stirrups.
The two-legged specimens had a p, of 0.003, while the four-legged stirrups had a p, of
0.006. Both specimens had a p, of 0.001, concrete strengths ranging from 5323 to 7716
psi, and shear span-to-depth ratio of approximately 1.5 (corresponding a/d of

approximately 1.6).
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Figure 2-25: Bent cap cross-sections (Powanusorn and Bracci, 2006)

It was noted that while both sets of specimens failed in shear, the four-legged
specimens had superior deformability and an increased ultimate failure load. The
researchers argued that this increase in performance was not due to the direct effect of
additional stirrup area; they suggested that data from strain gauges installed on the four-
legged stirrups indicated that the stirrups themselves did not directly add to the strength
of the deep beam. Instead, it was hypothesized that the increased performance of the
four-legged stirrup specimen was due to the effect on confinement due to the transverse
reinforcement. In a separate issue, researchers noted that (based on strain gauge data)
only one or two stirrups along the length of beam actually participated in resisting the
vertical load.

It is notable that two variables—both the number of stirrups legs and the area of
the vertical shear reinforcement—varied between the two beams. A comparison of
specimens with equal area of vertical shear reinforcement but unequal number of stirrup

legs could have more explicitly supported the conclusion of the researchers.

2.5.13 Brown, Sankovich, Bayrak, Jirsa, Breen, Wood (2006)

Brown et al. performed two series of deep beam tests as part of a larger test
program investigating the shear strength of reinforced concrete members designed using
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strut-and-tie modeling. The first series consisted of 10 specimens with various shear
reinforcement configurations; the researchers sought to examine the effects of vertical
and horizontal reinforcing bars on shear strength.

A typical series one specimen is shown in Figure 2-26. The beam had concrete

strengths ranging from 2370 to 3230 psi. The amount of transverse reinforcement,

. A, . . .
reported in terms of Zb—“sm a, , ranged from zero to 0.003 in the 10 specimens tested.
S

1

The beams were loaded using one of three loading configurations: a single point load at
a/d = 1.11, a pair of equal point loads at a/d ratios of 0.56 and 1.67, or a series of
concentrated loads representing a distributed load, with a/d ratios ranging from zero to

2.22. Notably, each of the loading configurations had an “average” a/d ratio of 1.11.
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Figure 2-26: Typical series one specimen (Brown et al., 2006)

The researchers found that the amount of transverse reinforcement did not
appreciably affect ultimate shear strength. Specimens with no shear reinforcement

typically failed in diagonal shear. Specimens with a small amount of shear reinforcement

(Z%sinal. = 0.0015) failed by concrete crushing adjacent to the node under the
Si
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applied load. Specimens with additional shear reinforcement (Z%sin o, =0.0030) did
S

not demonstrate increased shear strength.

There was no discernable trend between shear reinforcement ratio and the
diagonal cracking load. In addition, it was noted that parallel diagonal shear cracks
formed at 70 to 80% of the ultimate load, and were a strong indicator of impending
failure.

A second series of tests was conducted to determine the effect of beam width on
shear strength. The specimens were sufficiently wide to examine the AASHTO limited
strut width provisions outlined in Section 2.2.1.2. The cross-sections of the two
specimens tested, and corresponding bearing plate configurations, are shown in Figure
2-27. The beams were load asymmetrically with a single point load, as is also shown in

Figure 2-27; the a/d ratio to the near support was 1.68.
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Figure 2-27: Series two specimens (Brown et al., 2006)

It was found that the shear strength of each specimen was at least proportional its
width. Therefore, the absence of interior stirrup legs in the widest specimen was not
detrimental to its ultimate shear strength. In addition, the bearing plate configuration had
no effect on shear strength. In terms of serviceability, parallel diagonal shear cracks were

observed at 65-80% of the ultimate load, and were therefore an indicator of impending

shear failure.
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2.5.14 Summary and Discussion

2.5.14.1 Ultimate Shear Capacity and Type of Failure

The experimental studies lack a consensus on the effect of transverse
reinforcement on ultimate shear strength of reinforced concrete deep beams. Several
researchers (DePaiva and Siess 1965, Rogowski et al. 1986, and Brown et al. 2006) found
that the amount vertical shear reinforcement does not appreciably increase the shear
strength of reinforced concrete deep beams. Conversely, others (Kong et al. 1970, Smith
and Vantsiotis 1982, Tan et al. 1997, Shin et al. 1999, Oh and Shin 2001) noted that the
amount of vertical shear reinforcement did have an effect on the shear strength.
However, each of these researchers noted that the vertical transverse reinforcement ratio
had a greater effect on shear strength with high a/d ratios, especially at a/d ratios nearing
2.0.

On the other hand, researchers noted that the effectiveness of horizontal shear
reinforcement only increased shear capacity for very small a/d ratios. Kong et al. (1970)
and Powanusorn and Bracci (2006) et al. both noted that horizontal reinforcement is best
utilized in the bottom of the beam, or in the web tension region. Perhaps as a result of
such research, the AASHTO provision associated with Equation 2-9 codifies the
inclusion of horizontal reinforcement near tensile longitudinal reinforcement for beams of
sufficient depth.

DePaiva and Siess (1965) and Rogowski et al. (1986) found that large amounts of
transverse steel can decrease the chance of a shear mode of failure, while Smith and
Vantsiotis (1982), Shin et al. (1999), and Brown et al. (2006) observed similar shear

failures irrelevant of the amount of transverse steel.

2.5.14.2 Serviceability Performance

Very few of the experimental programs above were undertaken specifically to

study the serviceability performance of deep beams. Even so, many of the research
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studies contain valuable information on first diagonal cracking loads, crack widths, and
other serviceability observations.

DePaiva and Siess (1965) noted that the amount of transverse reinforcement did
not affect the formation of inclined cracks. Similarly, Smith and Vantsiotis (1982) noted
that the amount of transverse reinforcement did not affect the formation of the first
inclined crack. This conclusion was also verified in experimental testing by Tan et al.
(1997), Shin et al. (1999), and Oh and Shin (2001) on specimens with much higher
concrete strengths. More recently, Brown et al. (2006) noted the same conclusion for
specimens with much lower concrete strengths.

A handful of research publications such as Kong et al. (1970), Smith and
Vantsiotis (1982), and Tan et al. (1997) made note of crack width information, and each
reported that crack widths were inversely proportional to amount of transverse
reinforcement.

Kong et al. noted that parallel diagonal shear cracks opened up anywhere from 70
to 90% of the ultimate load, and were a strong indicator of impending failure. Similarly

Brown et al. noted that parallel shear cracks opened up at 65 to 80% of the ultimate load.

2.5.14.3 Effect of Quantity of Stirrup Legs and Beam Width

Two experimental programs (Hsiung and Frantz 1985, Anderson and Ramirez
1989) were conducted specifically to investigate the effect of multiple stirrup legs on
ultimate shear capacity. The studies reported opposite conclusions. In addition,
Powanusorn and Bracci (2006) included the number of stirrup legs as a variable, and
Brown et al. (2006) studied the effect of beam width on ultimate shear strength.

Hsiung and Frantz found no benefit to six stirrup legs as opposed to two, both in
terms of ultimate shear strength and in terms of interior or exterior crack widths. In
contrast, Anderson and Ramirez tested specimens with two, three, and four stirrup legs
and found that specimens with three or more legs had superior ultimate shear strength. It
should be noted that the maximum difference in ultimate strength between specimens
with two legs and specimens with multiple legs that failed in shear was less than 10%,
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when capacities are normalized relative to concrete strength. In both studies the quantity
of specimens tested was very small.

Powansuorn and Bracci assert the benefit of four stirrup legs as opposed to two.
However, the specimens with four-legged stirrups also contained double the vertical
shear reinforcement area as compared to the two-legged stirrup specimen. The number of
stirrup legs was not isolated as a variable.

Brown et al. tested width as a variable while holding constant the vertical
reinforcement ratio and number of stirrup legs (two). It was found that the shear strength
of wide specimens was simply proportional to width (despite the fact that all specimens

had two stirrup legs).

2.6 REMARKS

The main objective of the current study is to examine the effect of transverse
reinforcement on the ultimate shear strength and serviceability performance of reinforced
concrete deep beams, and to examine current design code requirements for transverse
reinforcement.

The primary value of the current experimental program lies in the large size of the
specimens tested. The specimens may be the largest ever tested (in terms of gross cross-
sectional area) when considering only specimens that contain transverse reinforcement.
A considerable quantity of research has been performed on the effect of transverse
reinforcement on the shear strength of deep beams, but very few specimens have been
tested at a scale representative of large TxDOT bent caps.

The large specimen size is of particular importance in examining effect of the
quantity of stirrup legs on shear strength, and the AASHTO limited strut width provision.
Specifically, a beam of significant width was necessary to successfully examine this
variable. In addition, the large scale is beneficial in the examination the shear
performance of deep beams; the large specimen size eliminates the potentially
questionable practice of extrapolating trends for large-scale beams based on small-scale
tests.
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The use of strut-and-tie modeling to address serviceability of structures is also
examined. While serviceability and strength are generally considered equally important
in structural design, adequate serviceability design in deep beams is difficult given
current code provisions. In particular, strut-and-tie modeling is based on the lower bound
theory of plasticity and therefore does not take into account issues of serviceability.

The majority of past research on deep beams has not focused on issues of
serviceability as a primary variable, or foregone the collection of such data altogether.
The size of the test specimens will allow a realistic examination of serviceability issues.
For example, relationships between shear crack widths and the remaining capacity of
specimens can be of immediate use in similarly sized field bent caps.

From a broader perspective, the value of large scale deep beam research is
underscored by the fact that many deep beams used in practice, such as transfer beams in
a building or bent caps in bridges, are indeed very large. Deep beams of this size are
difficult and time consuming to design and costly to construct. Minor design adjustments

can result in significant design time and cost economies.
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CHAPTER 3

Experimental Program

3.1 INTRODUCTION

The experimental program for the current research project consisted of nine tests
conducted on three large-scale reinforced concrete deep beams. The primary variables
were the amount and detailing of transverse reinforcement and the applied load bearing
area. The main objective of the experimental program was to examine the effect of these
variables on the shear strength and serviceability performance of large-scale deep beams.

The testing procedure and test setup had a significant influence on the specimen
design, and are therefore introduced first, followed by the specimen design, materials,
and instrumentation. In short, all relevant details of the experimental program are

described in this chapter.

3.2 TEST SETUP

In order to accommodate the high loads required to fail large-scale deep beams, a
new test setup was designed and constructed in Ferguson Structural Engineering
Laboratory (FSEL).

The new high-capacity test setup required considerable time and effort to
construct. The centerpiece of the apparatus was a 96,000 Ib. cast-steel platen that was
commissioned as part of a 6-million-pound test frame in the late 1940s by the U.S. Navy;
much later, the universal test machine was decommissioned and donated to FSEL. A 600
yd3 pit was excavated within the lab to house the platen, and a reinforced concrete
foundation was designed and cast within the excavated area. Moving the platen from its
location outdoors to its below-grade placement within the lab was a significant operation
that required the use of a high-capacity truck-mounted crane. Various stages of the

strong floor construction are pictured in Figure 3-1.
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Figure 3-1: a) Platen; b) Excavation; ¢) Excavated pit; d) Foundation construction; e)

Platen lift; f) Platen in position

The completed test setup is pictured in Figure 3-2, and detailed plans for the test

setup are shown in Figure 3-3 through Figure 3-5. As seen in Figure 3-3, the specimens
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are simply supported at their ends. A double-acting hydraulic ram with six-million-pound
load capacity exerted an upward force and two 7,000 pound steel plate-girders at the
reaction points were tied-down through the use of twelve 3 inch diameter high-strength
rods. As a result, the applied load and the self-weight of the specimen were oriented in
opposite directions; this was accounted for in all data analysis and will be discussed in
Chapter 4.

Transfer beams and high-strength threaded rods were designed to safely resist an
asymmetrically applied load of 2,500 kips as depicted in Figures 3-2 and 3-3. If the load
is applied at mid-span and six tie-down rods are used at each support, the capacity of the
setup is slightly over 4000 kips. If a greater number of tie-down rods are used, the full
6,000 kip capacity of the double-acting centerhole hydraulic ram can be utilized; the
96,000-1b cast-steel strong floor has the flexural and shear capacity to withstand a
concentrated force of nearly 6,000 kips.

A roller assembly was utilized at the load point and reaction points to create a
well-defined simply-supported condition for the specimen. Hydrostone was placed in
between the bearing plates and specimen surface to ensure that load was evenly
distributed on the bearing plates utilized at load and reaction points.

As shown in Figure 3-4, the test setup requires that four threaded rods, two on
each end of the setup, pass directly through the specimen itself. As a result, any
specimen wider than 217 requires threaded rods to pass directly through its cross section.
Since the test specimens were 36” wide, four rods (two at each end) were passed through
the specimen and longitudinal bars were designed such that their placement

accommodated the rods passing through the section.
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Figure 3-2: Test setup
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Figure 3-4: Test setup, elevation view
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3.3 TEST PROGRAM

Nine tests were conducted on three large-scale test specimens (Table 3-1). It was
possible to perform several tests on each test specimen. The beams had sufficient length
(L/d ratio of 6.4) to test two independent shear spans, one on each end of the specimen.
A given specimen was first tested with an asymmetrically placed concentrated load near
one end of the beam in order to create a shear span-to-effective depth (a/d) ratio of 1.85.
After testing the first side of the specimen, the hydraulic ram (i.e. the concentrated load)
was then moved to opposite side of the beam for another test with an identical a/d ratio.
Since shear strength increases with a decreasing shear span-to-effective ratio, an a/d ratio
of 1.85 was selected to give a conservative estimate of the shear strength of the specimen,
yet still be well within the code definitions of a deep beam described in section 2.1.

The two loading points and shear spans are referred as to A and B, respectively,
as shown in Figure 3-6. After the shear failure in shear span A, the span was clamped
together as shown in Figure 3-6 and Figure 3-7, to allow testing of the second shear span
of the specimen without compromising overall specimen stability.

The primary objective of the test program was to study the shear strength and
serviceability behavior of deep beams. As part of this primary objective, inducing a shear
failure in each shear span was of interest. A test early in the program (Test #2) resulted
in the flexural failure of a shear span. As a result, subsequent tests were stopped if
yielding of flexural reinforcement initiated in the test region. The test was then repeated
with a reduced applied load bearing area. The intent of this process was to select a
bearing size that would induce a shear failure in each shear span rather than a flexural
failure. Pertinent details for each test are given in Table 3-1. Further details of each

specimen are given in section 3.5.
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Table 3-1

: Test program

Applied Support Serivce-
Test Shear Qty. Load Reaction ability
Span Stirrup Py PH - - Comment
# Tested Legs Bearing Bearing Data
Size* Size* Collected?
1 1A 4legs | 0.0031 | 0.0030 | 24”x36” Yes Shear
Failure
2 1B 4legs | 0.0086 | 0.0030 | 24”x36” Yes Flexural
Failure
Initiation of
3 2A 2 legs 0.0031 | 0.0030 | 24”x36” Yes Flexural
Yielding
4 2A 2legs | 0.0031 | 0.0030 | 87 x36” No Shear
Failure
., ., Initiation of
5 2B 2legs | 0.0061 | 0.0030 | 24”x36” | 167x36 Yes Flexural
Yielding
No Initiation of
6 2B 2legs | 0.0061 | 0.0030 | 24”x18” Flexural
Yielding
7 2B 2legs | 0.0061 | 0.0030 | 8 x36 No Shear
Failure
8 3A 4legs | 0.0022 | 0.0022 | 24”x36” Yes Shear
Failure
9 3B 4legs | 0.0031 | 0.0030 | 8x12” Yes Shear
Failure

Support Reaction

/ Bearing Plates N\

;:u::vx Applied Load

Bearing Plate

T 7

*bearing areas are reported as [dimension in direction of span] x [dimension in transverse direction]
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Figure 3-6: a) Loading configuration A; b) Loading configuration B
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__ = T\
Figure 3-7: Strengthening of a beam after strut failure: external PT clamp

Each test was carried out in 100 kip loading increments, with the exception of
Test #1, which was carried out in 50 kip increments. At the conclusion of each loading
increment cracks were marked and crack widths were measured.

Of the nine independent tests conducted on three specimens, both strength and
serviceability data was collected for six of the tests; these tests represent the initial test on
each of the six independently tested shear spans. The remaining three tests are those in
which a reduced bearing area was utilized to induce a shear failure in a given shear span.
As noted in the previous paragraphs, these latter three tests were completed on shear
spans where flexural yielding had already initiated. Thus, upon unloading shear cracks
did not close, and hence reliable serviceability data could no longer be obtained.
However, an ultimate strength value could still be obtained while knowing a pristine

shear span would have at least the capacity of the damaged shear span.
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3.4 SPECIMEN DESIGN

The specimens were designed to meet a number of objectives. These factors are
discussed in this section.

The main variables in the experimental program were the amount and detailing of
transverse reinforcement, and the bearing area under the applied load. As a result, the
specimens were designed to represent a wide range of vertical shear reinforcement ratios.
With the exception of shear span 3A (Test #8), the horizontal shear reinforcement ratio
was held constant. As outlined in section 2.5.14.1, researchers such as Kong et al. (1970)
reported that for deep beams with a/d ratios near 2.0 (such as the specimens in the current
experimental program) horizontal web reinforcement has little effect on shear strength.

As indicated in section 2.3, the poor performance of a number of TxDOT bent
caps served as a primary motivation for the current research project. As a result, a main
objective of the experimental program was to test specimens that possessed a general size
and aspect ratio as near as possible to existing full-size TxDOT bent caps. The amount
and configuration of reinforcement in the specimen was also designed to mimic that of
typical TxDOT bent caps. In this way, the data could be examined without extrapolation
for large-scale beams based on small-scale tests.

Figure 3-8 shows the cross-sections of four bent caps currently in use by TxDOT,
and a cross section of the current project specimen. Details for each of the five bent caps
are shown in Table 3-2. The [-345 cap and I-45 bent cap over Greens Road are unusually
large bent caps designed for a specific application. Conversely, the caps for Type C and
Type IV girders are standard designs used frequently by TxDOT. Specimens in the
current project are smaller than the largest TxDOT bent caps, but still larger than the

majority of bents currently in use.
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Figure 3-8: Bent caps and test specimen
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Table 3-2: Typical bent cap details

1-345 Ca Greens Current Project | Cap for Type | Cap for Type
P | Road Bent Specimen 1V Girders C Girders
Gross Area (in?) 8160 3510 1728 1638 1188
Typ'?kl];;irtlcal 4 legs 4 legs Varies 2 legs 2 legs
1/ > 1/ 1/
Reinforcement #6 @ 5% #5 @6 #5 @6 #5 @6
Pv 0.0049 0.0065 0.0022 — 0.0086 0.0014 0.003
Hor!zontal Shear 10 #5 bars 8 #5 bars Varies 10 #5 bars 4 #5 bars
Reinforcement
on* 0.00049 0.0020 0.0022 - 0.0030 0.003 0.003
Tensile 24 #11 bars
Longitudinal top; 45 #14 | 28 #11 bars 27 #11 bars 14 #11 bars 12 #11 bars
Reinforcement | bars bottom
ot 0.0175 0.0142 0.0244 0.0133 0.0158

*As defined in section 2.2.1.1.1
fCorresponds to tensile longitudinal reinforcement ratio

Given the stated goal of constructing and testing specimens that were near full-
scale, the governing factor in the specimen design was the limited capacity of the 25-ton
(50-kip) overhead crane in FSEL that was used to lift and transport a specimen from the
casting area to the test setup. The specimens were designed to be as large as possible
without exceeding this weight limit; consequently, each test specimen weighed
approximately 48,000 Ibs.

The high-capacity test setup also influenced the specimen design. As noted in
section 3.2, the test setup required a pair of high strength threaded rods to pass through
the specimen itself in the end regions of the beam. As a result, a pair of 3%” diameter
aluminum ducts were cast directly into the specimen at the reaction points of the beam,
allowing the rods to pass through. Consequently, the placement of the longitudinal
reinforcing bars had to be adjusted. As depicted in Figure 3-9, longitudinal bars could

not be placed with a uniform spacing.

71



36"

E—

1

®)

N

Figure 3-9: Specimen cross section with aluminum ducts

As seen in Figure 3-8, typical TXDOT caps contain longitudinal reinforcement
near both the top and bottom faces, whereas the test specimens have nearly all the
longitudinal reinforcement near the bottom face. As noted in the test setup overview, the
testing apparatus was designed to test specimens with simply supported end conditions.
Conversely, multi-column TxDOT bents have different boundary conditions. Figure 3-10
shows the moment diagrams as a result of point load for both fixed end (approximately
equivalent to an interior span of a multi-column bent) and simply supported beams.
While both conditions will require approximately the same amount of longitudinal
reinforcement, correct placement of that reinforcement will differ; chiefly, simply
supported caps like those in the current test program require longitudinal reinforcement to

be lumped near one face.
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a) Four-column bent* b) Simply supported beam
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Figure 3-10: Effect of support conditions on bent cap moments

Beyond having the longitudinal reinforcement placed near one face, the current
specimen also contained a higher longitudinal reinforcement ratio than typical TxDOT
bent caps. Given the stated goal of studying shear in deep beams, the specimens were
designed with sufficient longitudinal reinforcement to make a shear failure more likely.
The shear criticality of the specimens is discussed further in section 3.4.1.

After many design iterations, a specimen size of 48” (height) by 36” (width) by
23°-8” (length) was selected to meet of all the aforementioned design considerations.
The specimen length was effectively fixed by the requirement that it both fit within the
strong floor geometry and provide adequate development for the longitudinal reinforcing
bars. The width was governed by the placement of longitudinal steel. As illustrated in
Figure 3-9, a width less than 36” would cause interference of the outer longitudinal bars
with the ducts. A width greater than 36 results in section aspect ratios different from
large scale TxDOT bent caps. With the width set at 36”, the height of 48 was selected
as the maximum height that would still allow the beam to meet the aforementioned

weight requirements.
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In order to maximize the cross-sectional area of the specimens, the length of the
specimens was kept as small as possible. The required development length of the
longitudinal bars was kept to a minimum by providing additional reinforcement within

the anchorage zone. Details of anchorage reinforcement are given in Appendix B.

3.4.1 Shear Criticality of Specimen

The shear database from TxDOT project 4371 (introduced in section 2.4) was

utilized to help estimate the performance of the test specimens. Figure 3-11 is a plot of
. a .
the strut efficiency versus EJ f'. for 261 specimens from the shear database. The data

includes only deep beams that are “sufficiently reinforced” as per Equation 2-12 (Chapter
2). A “sufficiently reinforced” strut was defined as one that has an adequate amount of
transverse reinforcement to maintain equilibrium in a bottle-shaped strut (TxDOT project
4371); these specimens are pertinent to the current discussion because all specimens in

the current research program also meet Equation 2-12 for being “sufficiently reinforced.”
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Figure 3-11: Test specimens in context of TXDOT project 4371 shear database



The data points enclosed in the grey rectangle highlight the majority of the shear
. a . . . .
tests that have a similar qu f'. ratio to the current test specimens. The strut efficiencies

range from approximately 0.2 to 0.8; assuming a direct strut forms between the load point
and the nearest support reaction in the current project specimens, the failure loads
predicted through the use of these strut efficiencies range from 600 to 2,500 kips. The
applied load corresponding to flexural failure of the test specimens is roughly equal to
1,500 kips, but depends on the concrete strength. Designing the specimens for the very
highest strut efficiencies encountered in past shear testing is not practical. However,
analysis of the historical shear data suggests that the test specimens in the current

program will likely fail in shear.

3.5 SPECIMEN DETAILS

As outlined in section 3.3, nine tests were conducted three specimens. Pertinent
details for the test specimens are listed in Table 3-3. Detailed drawings of the test

specimens are shown in Figure 3-12 through Figure 3-17.
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Table 3-3: Specimen details

Specimen 1.D.
Specimen 1 Specimen 2 Specimen 3
Shear Span I.D. 1A 1B 2A 2B 3A 3B
Tests Performed Tests #3, Tests #5,
on Shear Span Test #1 Test #2 44 46, #7 Test #8 Test #9
Vertical Shear 4 legs 4 legs 2 legs 2 legs 4 legs 4 legs
Reinforcement #5 @ 117 #5 @4 #HT@11” | #T@5%” | #4A @ 10” | #5@ 117
pv 0.0031 0.0086 0.0031 0.0061 0.0022 0.0031
Horizontal
Shear 8 #5 bars 8 #5 bars 8 #5 bars 8 #5 bars 6 #5 bars 8 #5 bars
Reinforcement
pH* 0.003 0.003 0.003 0.003 0.0022 0.003
Z%Sin Q; 0.0043 0.0091 0.0043 0.0068 0.0031 0.0043
S
Comment on Aprox. 3x Aprox. 2x
Shear AASHTO | AASHTO | AASHTO | AASHTO ACI AASHTO
Reinforcement minimum vertical minimum vertical minimum | minimum
minimum minimum
Tensile 27 #11 27 #11 27 #11 27 #11 27 #11 27 #11
Longitudinal
- bars bars bars bars bars bars
Reinforcement
pL 0.0244 0.0244 0.0244 0.0244 0.0244 0.0244
. (psi) T 4100 4100 4900 4900 2800 3000

*As defined in section 2.2.1.1
1 At time of testing
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Figure 3-14: Shear span 2A a) Cross-section; b) Elevation
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3.6  MATERIALS

3.6.1 Concrete

Concrete with 28-day compressive strengths ranging from 2800 to 4900 psi were
utilized in the experimental program. The specifications and mix proportions for the

concrete are shown in Table 3-4 and Table 3-5, respectively.

Table 3-4: Concrete specifications

£, (psi) Slump (in) Total Air Unit Weight Water / Cement
c (P P Content (%) (pcf) Ratio
3000 4106 3t06 145 0.57
Table 3-5: Concrete mix proportions
Component Quantity Description (Source)
Capitol ASTM C-150 (San
*

Type 1 Cement 338 Ibs/yd. Antonio)

Class F Fly Ash 85 Ibs/yd. Boral Matergg (Rockdale,
Coarse Gravel 1874 1bs/yd. Capitol ASTTI\;[(;# 67 (Austin,
Concrete Sand 1362 Ibs/yd. Capitol AST,IP/[XS_B (Austin,

Water 242 lbs/yd. TxDOT 421 / AASHTO T-26
Polyheed 997 16.9 oz./yd. Master Builders Type A
MB AE-90 2.1 oz/yd. Master Builders ASTM C-260

*Concrete for specimen 3 had 20% less cement

Test specimens required delivery of concrete from two ready-mix concrete trucks.
Cylinders were cast for each concrete truck batch. Immediately following each test,
three cylinders from each truck batch were tested. The reported concrete strength is the
weighted average of the cylinder breaks for each truck batch. Table 3-6 lists the concrete
strength for each truck batch in each specimen. All experiments on the first two
specimens were carried out after well after casting, and therefore concrete strengths did

not vary between tests. Tests on the third specimen were carried out shortly after 28 days
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and so the concrete strength was slightly different for each shear span. Cylinder testing

was carried out as per ASTM Standard C39.

Table 3-6: Concrete compressive strengths

Specimen I.D Shear Spans Truck Qne . | Truck Two . Report_ed .
T Tested (psi) (psi) (psi)
1 1A, 1B 4215 3730 4100
2 2A, 2B 4970 4690 4900
3 3A 2775 2835 2800
3 3B 2930 3230 3000

3.6.2 Reinforcing Bars

The reinforcing bars used in the specimens had a nominal yield strength of 60ksi
and conformed to ASTM A615. In order to obtain a stress vs. strain curve for each bar
size in each specimen, two sample lengths of each bar were tested in tension using a 600
kip universal testing machine in FSEL. Two tests were used to verify the data by
ensuring the test data from each length was nearly identical. During the test, load was
measured using load cells within the machine and displacements (and therefore strains)
were measured using an extensometer.

The general shape of the stress vs. strain relationship for each rebar test was
virtually identical. As an example, the stress and strain relationship for the #5 stirrup
bars in the first specimen is given in Figure 3-18. The yield stress and corresponding
strain for each bar size of each specimen is listed in Table 3-7. The yield strains were
used in conjunction with experimental strain data to determine the point at which

reinforcing bars within the specimens yielded.
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Figure 3-18: Stress vs. strain relationship, specimen 1, #5 bars

Table 3-7: Reinforcing bar properties

Specimen Number | Bar Size | Yield Stress (ksi) | Yield Strain (in/in)
1 #5 61.0 0.0021
1 #11 67.0 0.0023
2 #7 62.0 0.0021
2 #11 68.0 0.0023
3 #4 62.5 0.0022
3 #5 62.5 0.0022
3 #11 65.0 0.0022

3.7 INSTRUMENTATION

A computer with data acquisition software together with a 120-channel scanner
and bridge-completion boxes were used to measure reinforcing bar and concrete strains,
displacements, and loads. Changes in measured voltage were scanned, recorded, and

consequently converted into proper engineering quantities through the use of calibration
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equations. The specific devices and methods used to obtain information are outlined in

the sections below.

3.7.1 Load Measurement and Verification

Tests on the first specimen utilized a pressure transducer to measure the applied
load. In order to ensure to accuracy of the pressure transducer, a 1000 kip load cell was
utilized for the first 800 kips of loading for the tests performed on the first test specimen.
The load as recorded by the pressure transducer was compared to the true load reported
by the load cell. Applied loads well in excess of 1000 kips were required to complete
testing; therefore, the 1000 kip capacity load cell was removed before exceeding 800 kips
of applied load. The pressure transducers were calibrated prior to the test and the
calibration was confirmed within the first 800 kips of applied load through the use of a
1000 kip load cell. The pressure transducer-based load readings were accurate for the first
800 kips and were assumed to be as accurate for the remainder of the loading regime.

In order to simplify testing and further confirm the load readings deduced from
the pressure transducers used for the first test, the vertical rods were instrumented by
center-hole load cells with 500-kip capacity for the remaining two specimens. For the
second specimen, six load cells were available and utilized for all six rods on one end of
the test setup; the third specimen utilized 12 load cells, one for each of the 12 rods used
in the test setup.

The load cells as used in the test setup are pictured in Figure 3-19, and can also be
seen in Figure 3-2 and Figure 3-3. The load cells measured the support reactions next to
the test region, and the applied load was calculated using static equilibrium and

confirmed with pressure transducer readings.
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300 Kip
L,Qad Cells

Once again, the 1000 kip load cell was used to verify the accuracy of this method.
The specimens were loaded up to 800 kips with the 1000 kip load cell installed at the
load point. The applied load was calculated using the 500 kip centerhole load cells, and
then compared to the true value reported by the 1000 kip load cell and the pressure
transducer. Once verified, the 1000 kip load cell was removed and the remainder of the
test was completed.

From the verification exercise, the accuracy of loads reported for the first test
specimen is expected to be better than 0.5% and that reported for the subsequent test

specimens better than 0.05%.
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3.7.2 Displacements

Displacement data was gathered using a set of four 6-inch linear potentiometers.
The displacement of the specimens was measured on the bottom face of the specimen at
four points: the load point, mid-span, and at the supports (see Figure 3-20). A linear
potentiometer, as used in the test setup, is pictured in Figure 3-21.

As the applied load was increased during a test, the threaded rods that restrain the
specimen at its ends elongated in tension and allow small deflections at the end points of
the specimen. These deflections are greater at one end of the specimen than the other due
to the asymmetrical location of the applied load. Thus, in addition to the deflection of the

center of the beam relative to its ends, the beam as a whole undergoes rigid body motion.
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Figure 3-20: Linear potentiometer locations

Deflections reported in the experimental results section of this report account for

rigid body motion. The deflection at the load point was calculated as follows
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(approximately 71% of the applied load was resisted by the near support at loads near
ultimate—thus the coefficient 0.71):

A=A —[Apag +0.71(Ayepn — Arar)] Equation 3-1

where:

A = Deflection at load point (in)

Arp = Recorded deflection at load point (in)

Anpar = Recorded deflection at near reaction point

Arar = Recorded deflection at far reaction point

Figure 3-21: 6-inch linear potentiometer

3.7.3 Strain measurements

Strain gauges were used to measure both rebar and concrete strains at select
locations for in the specimen. All strain gauges were obtained from Tokyo Sokki

Kenkyujo Co., Ltd.
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3.7.3.1 Reinforcing Bar Strains

Strain gauges were utilized to measure strains in the reinforcing bars at various
locations. Strains were measured on several tensile longitudinal bars at each of the two
load points. In addition, in the first specimen strains were measured along a corner
longitudinal bar at various locations adjacent to the reaction bearing plate (Figure 3-22).
Gauges were placed in this manner to allow the examination of strains adjacent to the
specimen’s anchorage detail (given in Appendix B). Gauges were also equally spaced on
each leg of five stirrups in each shear span. The stirrup strain gauges were placed at the
mid-height of the stirrup legs for the first specimen. For the remaining two specimens,
gauges were placed along the centerline of the theoretical location of the strut that forms
between the load point and support reaction; the strut centerline coincided with the
anticipated location of the widest inclined shear crack. Since rebar strains are largely
proportional to their proximity to a crack, this latter arrangement was used to ensure that
all rebar strain gauges were located near the major inclined shear crack. The shear span
for a typical specimen is shown in Figure 3-23, along with locations of stirrup strain
gauges.

Depending on the number of stirrup legs for a particular specimen, the total

number of reinforcing bar strain gauges used for each specimen ranged from 30 to 46.

12" 1'-4" 11" Strain Gauge
Location

Figure 3-22: Strain gauge locations adjacent to reaction point
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Figure 3-23: Stirrup strain gauge locations

3.7.3.2 Concrete Strains

Concrete surface strain gauges were utilized to better understand the flow of
forces from the load point to the near support in Test #1. Five equally spaced gages were
placed at mid-length of the direct strut, along a line perpendicular to the centerline of the
strut. In this orientation, the dispersion of the compression across a bottle-shaped strut
was measured. The strain gage locations, concrete strut, and photo of the surface strain

gages are shown in Figure 3-24.

91



A

<
=2
<
N

Figure 3-24: Surface strain gauge locations

3.8 SUMMARY

The test setup, specimen design and details, and information on the
instrumentation used to gather data are described in this chapter. Testing of the large-
scale specimens required the construction of a new testing apparatus in the Ferguson
Structural Engineering Laboratory; pertinent details of the design and construction
process are described in this chapter.

The experimental program consisted of nine tests performed on three specimens.
It was possible to perform multiple tests on each test specimen. The beams had sufficient
length (L/d ratio of 6.4) to obtain two independent shear tests, one on each end of the
specimen. A given specimen was first tested with an asymmetrically placed concentrated
load near one end of the beam; after testing the first side of the specimen, the hydraulic
ram (i.e. the concentrated load) was then moved to opposite side of the beam for a second
test with an identical a/d ratio. If the flexural reinforcement in a shear span yielded
during the course of a test with a given bearing plate size, the test was stopped prior to
flexural failure and additional tests with different bearing plate sizes were conducted.
The intent of this process was to select a bearing size that would induce a shear failure in
each shear span rather than a flexural failure. Strength and serviceability data were
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collected for the initial test on each shear span, whereas subsequent tests on a given span
were conducted only for the purpose of obtaining the ultimate applied load with a

reduced bearing area.

The test setup and data acquisition system together allowed the successful testing

of large scale reinforced concrete members while monitoring a variety of pertinent data.
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CHAPTER 4

Experimental Results and Analysis

4.1 OVERVIEW

The results of nine tests performed on three specimens are described in this
chapter. The sequence of tests is outlined first, along with the rationale for each test. The
performance of the specimens is discussed from both a strength and serviceability
perspective. The results are reported with a focus on the main test variables: the
horizontal and vertical shear reinforcement ratio, the quantity of stirrups legs, and the
applied load bearing area. In addition, experimental or measured capacities are compared

to the design capacities estimated by using strut-and-tie models.

4.2 SUMMARY OF TESTS PERFORMED

This section outlines the sequence of the nine tests performed; detailed results and
analyses are presented in the latter sections of this chapter. Table 4-1 displays a summary
of primary details and results for the tests completed. The rationale for each test was
affected by the tests preceding it, and the table outlines the motivation for undertaking
each test. Several of the points in the table are expanded upon in the pages that follow.

An expanded summary of test results is given Table 4-2.
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As noted in Chapter 3, the specimens were tested in an inverted fashion. As a
result, the applied load and the dead weight of the specimens were oriented in opposite
directions. Since the beams were loaded asymmetrically, the distributed dead weight of
the specimen could not be directly subtracted from the applied force. Therefore, all
reported applied loads are simply equal to the upward load exerted by the hydraulic ram.
The distributed dead weight of the specimen causes the internal shear to vary slightly at
any given point along the specimen. For consistency, all shear values are reported at the
midpoint of the shear span, as shown in Figure 4-1. Load verification methods were
outlined in Section 3.7.1.

Bearing sizes are reported as [dimension in direction of span] x [dimension in
transverse direction], and were always placed along the centerline in the transverse
direction. The support reaction bearing size remained constant for all tests. For example,
the bearing arrangement for Test 1 is shown in Figure 4-2. Placement of bearing plates is

also discussed in section 3.3.
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Figure 4-2: Test #1 Bearing Geometry

4.3 EXPERIMENTAL RESULTS AND ANALYSIS

The effects of the test variables on both the ultimate strength and serviceability
performance of the specimens in the experimental program are discussed within this
section. In addition, experimental (measured) capacities are also compared to design

capacities estimated using strut-and-tie models.

4.3.1 Ultimate Strength

Although the amount and detailing of transverse reinforcement and bearing plate
size were the main test variables, the concrete strength also varied between the three
specimens. It was possible to conduct a sufficient number of tests to analyze each
variable; the various effects of each test variables was determined through direct

comparisons of tests where only one variable was changed from one test to another. To
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facilitate such direct comparisons, the results were normalized with respect to
compressive strength of concrete.

One way of normalizing the results with respect to concrete strength is to report
maximum applied load values in terms of experimentally determined strut efficiencies.
Since the shear strength of deep beams is typically proportional to the strength of a direct
strut that forms between the load point and reaction point, this method of normalizing the
results is appropriate for deep beams. The nodes in the strut-tie-models for the test
specimens were assumed to be non-hydrostatic, as shown in Figure 4-3. As a result, the

experimentally determined strut efficiency, veyp, 1s defined as:

F

Vep = 77— Equation 4-1
f c A‘strut,min
Vv .
it = Equation 4-2
sin@
where:

Fsrut = force carried by one-panel strut at the maximum applied
load, parallel to strut axis (kips)

Vmax = reported maximum shear in shear span (Figure 4-1) (kips)

6 = angle of strut inclination (Figure 4-3) (deg)

Astrut min = minimum strut area (inz)

f'c = compressive strength of concrete (ksi)
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Figure 4-3: Typical node geometry

The minimum strut area occurs at the strut interface with one of the two adjoining

nodes. For example, in Test #1 (Figure 4-3a), the minimum strut area occurred at the

strut-to-node interface adjacent to the reaction point. The strut efficiency is calculated as:

1,141¢
v — Fstrut — Sil’l 250
T Ay 4-1ksi(21.27)(36")
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Modeling of the specimens is discussed in detail in section 4.3.3. The

experimental strut efficiency for each of the nine tests is listed in Table 4-3.

Table 4-3: Experimental strut efficiencies

Test Number | Experimental
Strut
Efficiency, Veyy
0.88
1.12
0.71
0.80
0.74
1.45
0.99
1.20
3.27

O |0 [Q|N| N[ || |—

The shear span in each test exhibited different strength and serviceability
behavior. The different modes of failure observed during the tests and the effect of each

variable on ultimate strength are discussed individually.

4.3.1.1 Failure Mode

As reported in Table 4-2, the maximum load applied on a specimen was governed
by either a shear failure or the initiation of flexural yielding in all but one of the tests.
Flexural failure was observed in only one of the tests.

The primary objective of the test program was to study strength and serviceability
behavior of deep beams. As part of this primary objective, inducing failure in the
compression strut was of interest. This objective was achieved in five of the six shear
spans tested during the course of the experimental study. Flexural failure was observed
in only in the Test #2 specimen. It is important to note that during several of the tests
loading was stopped when the initiation of yielding in the flexural reinforcement was
noted. The specimen was unloaded and a smaller applied load bearing plate was used to

reload the specimen until the specimen failed in shear (see section 3.3).
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4.3.1.1.1 Shear Failure

Five of the nine tests completed resulted in a shear failure. In this section, the
shear failure in Test #1 is discussed in detail because it was typical of all shear failures.

A photograph of the shear failure in the shear span of Test #1 is shown in Figure
4-4 (bearing plates are highlighted for clarity). The shear failure initiated with concrete
crushing above the applied load bearing plate (this location is highlighted in Figure 4-4),
at the strut-to-node interface. The sudden failure of the compression strut was
accompanied by a loud crushing sound. After shear failure, the applied load quickly
dropped. There was relative displacement of the two concrete “blocks” along the primary
crack that formed. Deflection at the load point is shown in Figure 4-5. This behavior
was typical of all of the shear failures observed in the experimental program. Failure
photos for each of the shear failures observed in the test program are shown in Appendix
C.

At failure load both stirrups and the outermost layer of longitudinal reinforcement
were at or beyond yielding. Stirrup strains at maximum applied load at various points
along the length of the shear span are shown in Figure 4-6. It is interesting to note that
while some stirrups yielded at failure, stirrups close to the bearing plates at load and
reaction points were strained to a lesser degree. At shear failure, the outermost layer of
tensile longitudinal bars began to yield (Figure 4-7). Despite the fact that flexural
reinforcement had reached nominal yield, the behavior of the specimen described above
indicated a shear failure. The locations of the longitudinal strain gauges are shown in

Figure 4-8, and are typical of all tests.
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Figure 4-4: Test #1 shear failure
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Figure 4-5: Test #1 applied load vs. deflection

105



Stirrup Strain at Max Applied Load (in/in)

0.005

0.0045 -

0.004 -

0.0035 -

0.003

0.0025 -

0.002 |

0.0015 -

0.001

0.0005 -

0 T T T T T T T

0 10 20 30 40 50 60 70
Distance Along Shear Span (in)

=0 X=58" ‘
I L,
' I

80

2

Strain gauge locations

Figure 4-6: Test #1 stirrup strain along shear span at maximum applied load
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Figure 4-7: Test #1 applied load vs. longitudinal reinforcement strain
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Figure 4-8: Longitudinal strain gauge location

4.3.1.1.2 Flexural Failure

Flexural failure was observed in Test #2. In this test the concrete began to crush

and spall off the compression side of the test specimen at approximately 1,650 kips. This
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is also approximately the load at which the longitudinal rebar reached nominal yielding in
Test #1. This behavior is illustrated in Figure 4-9, Figure 4-10 and Figure 4-11. At an
applied load of approximately 2,050 kips the deflection of the specimen increased
continuously without an increase in load, and finally failure occurred through crushing of
concrete adjacent to the CCC node (Figure 4-10 and Figure 4-11). The flat portion of the
load deformation response depicted in Figure 4-9 indicates the yielding of flexural

reinforcement prior to failure of the compression region.

2500
Flexural Failure \
2000
T
=
K°3
g 1500 \— Initiation of flexural yielding
8 in Test #1
-]
e
2 1000
Q.
o
<
500
0 [ [ [ [ [ [ [
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6

Load Point Deflection (in)

Figure 4-9: Test #2 load vs. deflection
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Figure 4-10: Hlustration of compression failure

Figure 4-11: Photograph of compression block crushing
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4.3.1.1.3 Initiation of Flexural Yielding

The data collected after the initiation of flexural yielding in Test #2 was not
valuable to the study of shear performance. Therefore, all subsequent tests were stopped
at the point of initial flexural yielding. The applied load vs. longitudinal reinforcement
strain plots for two such tests (Test #3 and Test #5) are shown in Figure 4-12 and Figure
4-13.

After the test was stopped, the bearing plate size under the hydraulic ram was
reduced and the test was repeated. The goal of repeating the test with a smaller bearing
plate size was to induce a shear failure (see section 3.3 and Table 4-1). Stopping a given
test at the onset of first flexural yielding also had experimental value, since the load

carried by the compression strut up to that point was determined.
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Figure 4-12: Test #3 applied load vs. longitudinal reinforcement strain
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Figure 4-13: Test #5 applied load vs. longitudinal reinforcement strain

4.3.1.2 Examination of Test Variables

A sufficient number of tests were completed to analyze each test variable; the
effect of each test variables was determined primarily through direct comparisons of tests

where only one variable was changed from one test to another.

4.3.1.2.1 Transverse Reinforcement Ratio

The effect of the amount of transverse reinforcement can be studied by comparing
results of the tests in which the amount of reinforcement was the only test variable. The
results of tests with four stirrup legs are shown in Table 4-4. Pertinent details of tests on

tests with two legs are shown in Table 4-5.
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Table 4-4: Comparison of tests with 4-legged stirrups

Shear A, . Applied Max Sli\slil;‘at Behavior
P, | D —rsing, Load | Applied X at Max
Test#| Span . bs. . Applied Vex .
(psi) ' Bearing Load P Applied
Tested Size | (kips) | 0% Load
P (kips)
1 1A 4100 0.0043 24” x 367 1,626 1,141 0.88 Shear
Failure
2 IB | 4100 | 00091 |47y 36 | 1,644 1,443 112 | Flexural
) Yielding
8 3A | 2800 0.0031 |247x36” | 1,510 1,059 1.20 Fshear
ailure
Table 4-5: Comparison of tests with 2-legged stirrups
. Shear at .
Shear & ) Applied Maximum Max Behavior at
Test P, Z Sin &; Load . . Max
# Span (psi) bs, Bearing Applied Applied | veyp Applied
Tested P . Load (kips) Load
Size* . Load
(kips)
4 2A [ 4900 | 0.0043 87 x 36” 1,510 1,052 80 Shear
Failure
7 2B | 4900 |  0.0068 8” x 36” 1,853 1,303 99 Shear
Failure

Both Test #1 and Test #8 were conducted in shear spans with 4-legged stirrups
and resulted in a shear failure (Table 4-4). The experimentally determined strut
efficiency in each the tests does not indicate a correlation between the amount of
transverse steel and ultimate shear strength. The shear span in Test #8, which contained
the minimum amount of transverse reinforcement required by ACI 318, does not have
inferior performance to that of Test #1, which contained minimum transverse
reinforcement as required by the more stringent AASHTO LRFD minimum transverse
reinforcement requirements. In fact, the shear span with AASHTO minimum transverse
reinforcement has inferior performance; this is likely due to the inherent variability of the
shear strength of reinforced concrete members.

It should be noted that the shear span in Test #2, which contained significantly
more transverse reinforcement than shear spans in Test #1 and #8, had sufficient

reinforcement to produce a flexural failure.
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The results of tests on shear spans that contained 2-legged stirrups have a
different trend than tests with 4-leg stirrups (Table 4-5). In both Test #4 and #7 an
87x36” applied load bearing plate was used, and each test resulted in a shear failure. It is
evident that transverse reinforcement had a marginal positive effect on the strut efficiency
at the maximum applied load. However, the strut efficiency was not proportional to the
amount of transverse reinforcement. The shear span in Test #7 contained nearly double
the vertical transverse reinforcement of the shear span in Test #4, but only had a 23%
increase in shear strength.

An examination of the results presented in Table 4-4 and Table 4-5 indicates that
there are no clear trends between increased amount of transverse reinforcement and
experimental strut efficiency. The slight upward and downward trends are attributed to

general experimental data scatter associated with shear data.

A, .
The amount of transverse reinforcement required by ACI (Zb—s'sm a;, 20.003)
Si

is similar to amount required in CSA A23.3 (pmin = 0.002 in each direction, which is

equivalent to Z%sinai =0.0028). AASHTO LRFD is unique in its requirement of
S.

1
Pmin = 0.003 1n each direction, which is equivalent to Z%sin a; =0.0042. Based on the
Si
test results discussed in this section and from a standpoint of ultimate strength, the
minimum transverse reinforcement requirements of ACI are sufficient and the

requirements of AASHTO LRFD appear to be overly conservative.
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4.3.1.2.2 Quantity of Stirrup Legs

An evaluation of results from Tests #1, #3, and #4 allows a direct comparison of
the performance of shear spans with 4-legged stirrup reinforcement and 2-legged stirrup

reinforcement. Pertinent information these tests is summarized in Table 4-6.

Table 4-6: Comparison of tests with varying quantity of stirrup legs

Shear
o Applied | Applied Behavior
Test Shear Q.ty. of f. Z&SIH @ Load Load at | ™ M.a X at Max
Span | Stirrup . bs. . . Applied | v .
# (psi) i Bearing | Failure €Xp | Applied
Tested Legs Size* (Kips) Load Load
PY | ips)
1 1A 4 4100 0.0043 24” x 36” 1,626 1,141 0.88 Shear
Failure
Initiation
3 2A 2 4900 0.0043 247x36” | 1,573 1,09 | 0.71 of
Flexural
Yielding
4 2A 2 4900 | 0.0043 8”x36” | 1,510 | 1,0452 | .80 Shear
Failure

The shear spans in Test #1 and Test #4 failed in shear. The quantity of stirrup
legs differed between the two tests. In addition, a 24” x 36” applied load bearing plate
was used for Test #1, while an 8 x 36” bearing plate was used for Test #4. The strut
efficiency for Test #1 was only 11% greater than that observed in Test #4, despite the fact
that the bearing area of Test #1 was three times larger than the bearing area for Test #4.
If it is assumed that the 8”x36” bearing plate renders the specimen more shear critical
than the 24” x 36” bearing plate does, then it can be concluded the shear span where 4-
legged stirrups were used (Test #1) had an 11% greater shear capacity at the most as
compared to the 2-legged shear span. However, given the large difference in bearing area
between the two tests, it is reasonable to assume this difference could be less if identical
bearing plates were used.

Experimental test results do not indicate a significant difference in strength
between the specimen with two stirrup legs and the specimen with four stirrup legs. At

the very most, the difference is approximately 10%, though it is likely less. Given the
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inherent scatter associated with shear data (Reineck et al., 2003, Brown and Bayrak,
2006), a 10% difference is considered to be negligibly small. As such, it is believed that
the difference in ultimate strength between shear spans with two and four stirrup legs is
negligible.

The experimental data suggest that the AASHTO limited strut width provision is
not well founded from a strength standpoint. As outlined in section 2.2.1.1.2, the
provision suggests that the width of a strut adjoining a CTT node in a specimen with 2-
legged stirrups can be significantly less than the strut width of a specimen with 4-legged
stirrups. However, a significant difference in ultimate strength between tests with 2-

legged stirrups and tests with 4-legged stirrups was not observed.

4.3.1.2.3 Bearing Area

The size of the bearing plate used between the hydraulic ram and the test
specimen was altered in a pair of tests in the experimental program. Test #1 (shear span
1A) and Test #9 (shear span 3B) were conducted on shear spans that were identical apart
from the size of the applied load bearing area. Pertinent data for the two tests in which

the applied load bearing area is the only variable are presented in Table 4-7.

Table 4-7: Comparison of tests with varying bearing area

o Applied Applied Shear at Behavior at

Test Sshi::f . Z%sm Q; Load Load at Max Max
# TeI; ted (psi) Si Bearing Failure Applied Vexp Applied

Size* (kips) Load (kips) Load

1 1A 4100 0.0043 24” x 36” 1,626 1,141 0.88 Shear
Failure

9 | 3B |3000| 0.0043 8" x 127 1,262 882|328 |  Shear
Failure

A comparison of the results of Tests #1 and #9 indicates that bearing area does

not have a significant effect on the ultimate shear strength of a shear span. The shear
force carried through shear span 1A (Test #1) was 30% higher than that carried through
shear span 3B (Test #9), despite having an applied load bearing area that was
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approximately nine times greater. However, the specimen in Test #1 had a concrete
compressive strength 36% greater than that of the specimen in Test #9. Therefore, the
difference in shear force carried by each of two shear spans can be explained by the
differences in the compressive concrete strength between the two specimens. That is, the
shear strength of each shear span was proportional to concrete strength rather than
bearing area.

The experimental strut efficiency of Test #9 is greater than for Test #1 by nearly a
factor of four, as shown in Table 4-7. This is a function of the large difference in bearing
areas and minor difference in failure load between the two tests. The test results indicate
that the use of smaller bearing plates, which result in correspondingly small CCC-nodes
and node-to-strut interface planes, creates correspondingly large strut efficiencies.

The effect of bearing area on strut efficiencies in the context of a strut-and-tie

model is discussed further in 4.3.3.1.

4.3.2 Serviceability

The capacity of deep beams designed using strut-and-tie modeling is governed by
the lower bound theory of plasticity and as a result the method is inherently conservative.
On the other hand, STM does not permit design by serviceability limit states. Therefore,
empirical code provisions are used in conjunction with STM to successfully design deep
beams. A major focus of this research study is the observation and evaluation of the
serviceability performance of deep beam specimens.

The effect of the test variables on the first diagonal cracking load, shear crack
widths, and cracking patterns were examined. This investigation was completed, among
other reasons, to follow up on the STM design expressions developed as part of TxDOT
Project 4371; these provisions were developed based entirely on strength considerations.

As noted in section 3.3, serviceability data could only be reliably collected for six
tests: the initial test on each of the six shear spans. The results of those six tests are

analyzed in the following sections.
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4.3.2.1 Cracking Progression and Pattern

The cracking pattern of a reinforced concrete member is inexorably tied to its
behavior. The most important aspect of the serviceability performance of a deep beam is
arguably its ability to resist the formation of unacceptably large diagonal shear cracks
under service loads. Consultation with TxDOT bridge design engineers revealed the fact
that prevention of diagonal cracking is perhaps more desirable than the trying to limit the
widths of the diagonal cracks after they form. Diagonal shear cracks are undesirable
from both from a safety standpoint and from an aesthetic perspective. Therefore,
conservative estimation of the first diagonal cracking load can be of great importance in
deep beam design. If this load can be conservatively estimated, diagonal crack formation
can be prevented by proportioning bent caps to control shear stresses and/or strut loads
under service loads.

In addition, the formation of parallel shear cracks is important because it can
signify an impending shear failure, as evidenced by previous research (Kong et al. 1970,
Brown et. al 2006). Finally, the behavior at ultimate capacity is important, and was
already outlined in section 4.3.1.

The cracking pattern observed for the initial test on each of the six shear spans
was largely the same, regardless of variables such as the amount and detailing of
transverse reinforcement, or the applied loading bearing area. The cracking pattern at the
maximum applied load for each of six tests is shown in Figure 4-14. The applied load
listed in the inset of each photo is the maximum applied load. Maximum shear crack
widths were recorded for each of the tests and are discussed in section 4.3.2.2. The
progression of cracking for each of the six tests was very similar. The progression of
surface cracks for Test #1, which was typical of each of the other five serviceability tests,

is presented in Figure 4-15.
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Figure 4-14: Comparison of cracking patterns at maximum applied load
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Figure 4-15: Typical progression of cracking
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4.3.2.1.1 Diagonal Cracking Load

The most important aspect of serviceability performance in deep beams is
arguably the diagonal cracking load. Unlike small flexural cracks in sectional members,
which are considered acceptable and necessary for proper structural performance, large
shear cracks in deep beams are a sign of poor performance.

The diagonal cracking load was recorded for the first test on each of the three
specimens. The second shear span of each specimen underwent cracking as a result of
testing on the first side. As a result, the diagonal cracking load could only be measured
for the initial test on each specimen, for a total of three tests.

During the early stages of loading, the beam faces were inspected for cracks.
When cracking occurred the test was temporarily stopped and the cracks were marked.
The first cracks to form in all tests were diagonal shear cracks, rather than flexural
cracks. The first cracks were easily spotted and accompanied by a subtle yet noticeable
cracking noise.

After each test, strain data on the stirrups was analyzed to verify the load at which
first cracking occurred. The point at which the stirrups began to strain in tension is
identified as the first cracking load. For example, the strain of a stirrup leg in Test #3 at
the time of first cracking is shown in Figure 4-16. From the figure, it appears that first
cracking occurred at an applied load of approximately 450 kips; this matches the

qualitatively noted first cracking load of 451 kips.
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Figure 4-16: Stirrup strain at diagonal cracking load

The diagonal cracking load for the first loading of each specimen is listed in Table
4-8. The ability of a shear span to resist cracking is directly correlated to its ability to

restrain dispersion (tensile) forces in the bottle-shaped strut. As a result, the diagonal

cracking loads are normalized in terms of |/ f'; .
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Table 4-8: Diagonal cracking loads

. Percentage Shear
. First
Shear A, . Applied Diagonal of Force at
Test P, |> —sing| Load . Maximum | Diagonal | V,
Span . bs. . Cracking . . __CRACK
# (psi) i Bearing . Applied Cracking
Tested . Applied . f'bd
Size* Load (Kips) Load (kips) |Load, Vacx cMw
P (kips)
1 1A 4100 0.0043 247 x36” 535 32.9*% 357 3.9
3 2A 4900 0.0043 247 x36” 451 28.7 297 29
8 3A 2800 0.0031 247 x36” 317 21.0* 202 2.7

*Test resulted in shear failure

Transverse reinforcement did not have a significant effect on the diagonal
cracking load. Stirrups did not engage until the point of first cracking; thus, it is expected
that first cracking load would be a function of concrete strength only. This observation is
consistent with past research that has shown that the amount of transverse reinforcement
in a deep beam does not have a significant effect on the first diagonal cracking load
(DePaiva and Siess, 1965; Smith Vantsiotis, 1982; Tan et al., 1997; Shin et al., 1999; Oh
and Shin, 2001; Brown et al., 2006).

Each specimen’s first cracking load is compared to the STM capacity in section

4.3.3.4.

4.3.2.1.2 Formation of parallel shear cracks

Past research has shown that the formation of parallel shear cracks in deep beams
can be a strong indicator of impending failure (see section 2.5.14.2). Kong, Robins, and
Cole (1970) noted that parallel diagonal shear cracks opened up anywhere from 70 to
90% of the ultimate load, and were a strong indicator of impending failure. Similarly
Brown et al. (2006) noted that parallel shear cracks opened up at 65 to 80% of the
ultimate load. The conclusions of each study were based test specimens much smaller in
scale than those the current experimental program. The effect of parallel cracks on
smaller specimens is likely more transparent given the relatively small quantity of

diagonal cracks that formed during the duration of a test.
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The progression of the parallel diagonal cracks was a strong indicator of imminent
failure in the current test program. The diagonal shear cracks typically opened up at mid-
depth of the section and propagated toward both the load and reaction points. It was
found that the propagation of parallel shear cracks into the area adjacent to reaction point
(that is, the CCT node) was nearly always an indication impending failure.

The applied load at which parallel shear cracks propagated into the region
adjacent to the reaction bearing plate, and the corresponding percentage of maximum
applied load, are shown in Table 4-9. The parallel diagonal cracks that propagated into
the CCT node are highlighted for each of the six tests in Figure 4-17.

Table 4-9: Propagation of parallel shear diagonal cracks into CCT node

Test Number Applied Load at Percentage of
Propagation of Parallel Maximum Applied
Shear Cracks (kips) Load (kips)
1 1,000 62%*
2 1,301 68%
3 1,098 70%
5 932 57%
8 510 34%*
9 1,096 87%*

*Test resulted in shear failure

For every test but Test #8, the propagation of parallel cracks into the CCT node

occurred between 57 and 87% of the maximum applied load.
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4.3.2.2 Crack Widths and Reinforcing Bar Strains

The shear span in each of the nine tests was loaded in 100 kip increments (with
the exception of Test #1, which was loaded in 50 kip increments). At the conclusion of
each loading increment, the test was stopped, cracks were marked on the specimen, and
crack widths were measured with a crack comparator. As a matter of safety, crack widths
were not measured near the maximum applied load.

The effects of each of the three test variables on crack widths and reinforcement

strains are analyzed in this section.

4.3.2.2.1 Transverse Reinforcement Ratio

The transverse reinforcement ratio was found to have an effect on the width of
shear cracks in the specimens. Figure 4-18 demonstrates the effect of transverse
reinforcement on diagonal crack widths for the three tests on shear spans that both
contained 4-legged stirrups and were loaded with a 24”x36” applied load bearing plate.
The plot relates the applied load, normalized as percent of maximum applied load, to the
maximum diagonal crack width. The percent of maximum applied load is used as the
dependent variable in lieu of applied load in order to normalize the data for concrete
strength. Due to the finite interval of crack widths on a crack comparator, the plots form
“stair-step” lines. A linear trend line was used as a best-fit line for the data set.

It is clear from Figure 4-18 that the amount of transverse reinforcement had an
effect on the maximum diagonal crack width. For a given percent of maximum applied
load, a greater transverse reinforcement ratio resulted in narrower shear crack widths.
However, the amount of transverse reinforcement did not have an effect on the rate at
which crack widths grew—the slopes of lines for the three cases are approximately equal.
Stated another way, the amount of transverse reinforcement affected the width of the

shear cracks initially, but not the rate at which the cracks grew after that point.
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Figure 4-18: Percent of maximum applied load vs. maximum shear crack width
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Figure 4-19: Maximum stirrup strain vs. maximum shear crack width
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Figure 4-19 shows the maximum stirrup strain as a function of the maximum
shear crack widths. The maximum stirrup strain is defined as the maximum strain on any
stirrup in the shear span, averaged across all four stirrup legs in that stirrup. The rate at
which stirrup strains grow relative to shear cracks widths is inversely proportional to the
amount of transverse reinforcement (Figure 4-19). This trend is logical, given that
transverse reinforcement strains should grow at a lesser rate when more transverse
reinforcement is present. At the first diagonal cracking load, the stirrup strain in each of
the specimens is nearly equal.

Similar maximum shear crack width trends were found in tests conducted on
shear spans containing 2-legged stirrups. Figure 4-20 shows the effect of transverse
reinforcement on diagonal crack widths for the two shear spans that contained 2-legged
stirrups and were loaded with a 24”°x36” applied load bearing plate (Test #3 and Test #5).
The trend in Figure 4-20 is similar to that of Figure 4-18; the crack widths are inversely
proportional to the amount of transverse reinforcement in a given shear span. However,
there is a slight variation in the rate at which the crack widths grow. Overall, the trends
are nearly identical that to those observed in the 4-legged stirrup tests.

It is clear that a greater amount of transverse reinforcement in a given shear span
corresponds to smaller shear crack widths throughout the duration of loading. However,
the disparity between crack widths in the different shear spans is the smallest at loads
corresponding to service loads, shortly after the formation of diagonal cracks. This trend
is seen in both Figure 4-18 and Figure 4-20.

Most notably, shortly after the formation of diagonal cracks there is a negligible
difference in diagonal crack widths between shear spans that contained minimum
transverse reinforcement as per the AASHTO LRFD and ACI 318 (Test #1 and Test #8,
respectively) specifications, as shown in Figure 4-18. AASHTO LRFD minimum
transverse reinforcement requirements result in the use of 41% additional reinforcement
in comparison to ACI 318-05 specifications. The benefit of providing 41% additional

reinforcement is marginal, particularly at service loads. Therefore, from a standpoint of
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limiting crack widths at service loads, the minimum transverse reinforcement provision

of ACI 318 would appear to be sufficient.
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Figure 4-20: Percent of maximum applied load vs. maximum shear crack width
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4.3.2.2.2 Quantity of Stirrup Legs

The quantity of stirrups legs had some effect on the maximum shear crack widths
of the specimens. Figure 4-21 shows the effect of the quantity of stirrup legs on diagonal
crack widths for two tests in which the only variable was the quantity of stirrup legs (Test
#1 and Test #3). The plot demonstrates that the rate at which shear cracks grow is lesser
for the test with 2-legged stirrups than for the test with 4-legged stirrups. It is also
important to observe that immediately after the formation of diagonal cracks, the
maximum shear crack width in the shear span containing 2-legged stirrups is comparable
to that of the shear span containing 4-legged stirrups. However, at loads near ultimate
capacity the shear span containing 2-legged stirrups had narrower shear crack widths than
the shear span containing 4-legged stirrups.

Given that the amount of transverse reinforcement in the two shear spans was
identical, the shear spans with 2-legged stirrups had more reinforcement near the side
faces of the cross-section. Therefore, the 2-legged stirrups were more effective at
restraining shear crack widths observed on the side faces. The same trend may not be
true for interior crack widths, given that the 2-legged specimens had no stirrup legs in the
interior of the beam. However, given that the use of 2-legged stirrups had no discernable
negative effects on the maximum shear carried within the shear span, and the widths of
the exterior shear cracks were narrower in the specimens with 2-legged stirrups, the
widths of the shear cracks in the middle of the section are not a concern.

Past research demonstrated limited variation in crack widths throughout the cross-
section of a wide specimen with only 2 stirrup legs (Hsiung, Wayne, and Frantz, 1985).
The effect of the quantity of stirrup legs on interior crack widths for current project
specimens was not investigated; given the adequate performance of specimens with 2-
legged stirrups from a strength perspective and superior performance from a

serviceability perspective, consideration of interior crack widths is arguably unnecessary.
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Figure 4-21: Percent of ultimate capacity vs. maximum shear crack width

Hsiung et. al (1985) also noted that specimens with multiple stirrup legs exhibited
greater strains in interior stirrups legs than exterior stirrup legs. A similar trend was not
evident for specimens in the current experimental program. The difference in strains
between interior and exterior stirrup legs varied between shear spans, and between
stirrups within a given shear span, with no discernable trend. Figure 4-22 shows the
stirrup leg strain for both an interior and exterior stirrup leg, at 50% of the maximum
applied load, for each test on a shear span containing 4-legged stirrups. In each case, the

stirrup under maximum strain in the given shear span in shown.
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Figure 4-22: Stirrup leg strains at 50% of the maximum applied load

Despite the differences in strains between interior and exterior stirrup legs noted
by Hsiung et al. (1985), the researchers found that the quantity of stirrup legs was not
related to ultimate shear capacity. In contrast, Anderson and Ramirez (1989)
recommended the use of multiple stirrup legs for wide beams. This recommendation was
made after finding that specimens with two stirrup legs had diminished ultimate
capacities compared to specimens with more than two stirrup legs. However, the
maximum difference in ultimate strength between specimens with two legs and
specimens with multiple legs that failed in shear was less than 10%, when capacities are
normalized relative to concrete strength. Considering the general scatter in shear data
(Reineck et al., 2003, Brown and Bayrak, 2006), such a small difference is arguably

insignificant.
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In addition, Anderson and Ramirez reported that the quantity of stirrup legs had
an effect on longitudinal reinforcement strains (See section 2.5.7). The researchers found
that increasing the number of stirrup legs decreased stress concentrations near stirrup
corners; longitudinal reinforcement placed at the corners of stirrups had a higher
magnitude of strain for specimens with fewer stirrup legs.

While the same trend was observed for some of the test specimens in the current
experimental program, in other specimens such a trend did not exist.  Figure 4-24
through Figure 4-27 shows the results of tests in which longitudinal reinforcement strains
were measured for both corner and interior bars at the location illustrated in Figure 4-23.
The tests conducted on specimens with 4-legged stirrups, shown in Figure 4-24 and
Figure 4-25, demonstrated increased strain of corner longitudinal reinforcement.
However, longitudinal reinforcement strains in the specimens that contained 2-legged
stirrups did not vary between bars in a given layer, as shown in Figure 4-26 and Figure
4-27. These plots demonstrate that the use of 2-legged stirrups in the specimens did not
have an adverse affect on the strains of longitudinal reinforcing bars placed at stirrup

corners.

IS

f Gauge location —/

Figure 4-23: Longitudinal reinforcement gauge location
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Figure 4-25: Test #2 longitudinal reinforcement strains
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Figure 4-26: Test #3 longitudinal reinforcement strains
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Figure 4-27: Test #5 longitudinal reinforcement strains
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It was demonstrated in section 4.3.1.2.2 that the AASHTO LRFD limited strut
width provision, and associated use of multiple stirrup legs within a cross-section, was
not supported by experimental ultimate strength data. The analysis of the crack widths
and strains measured in longitudinal and transverse reinforcement, presented in this
section, supports the same conclusion from the aspect of serviceability performance. In
fact, specimens with 2-legged stirrups demonstrated improved performance at limiting

diagonal crack widths as compared to specimens with 4-legged stirrups.

4.3.2.2.3 Bearing Area

The bearing area did not have a significant effect on the maximum shear crack
widths. Figure 4-28 shows the relationship between the percent of maximum applied
load and the shear crack width for two tests in which the only variable was the bearing
plate size. Relative to Test #1, the shear crack widths for Test #9 are smaller at low
applied loads, larger at about 65% of the maximum applied load, and approximately
equal near the maximum applied load. Overall, there is not a significant difference
between the crack widths for two tests, although at any given point the two may vary

slightly.
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Figure 4-28: Percent of ultimate capacity vs. maximum shear crack width

4.3.2.2.4 Anchorage Zone Longitudinal Rebar Strains

As outlined in section 3.7.3.1, strain gauges were placed along various locations
of a corner longitudinal bar in shear span 1A (Test #1) in order to monitor strains near the

anchorage zone adjacent to the reaction point. The location of the strain gauges and the

strains at the shear failure load in Test #1 are given in Figure 4-29.

demonstrates that the longitudinal rebar strain decreases linearly along the location of the
reaction bearing plate. This region corresponds to the CCT node when the shear span is
designed using strut-and-tie modeling. The longitudinal rebar strain is negligible near the
left face of the reaction bearing plate. It should be noted there was no cracking observed
in the anchorage zone in any of the tests, indicating adequate development of the

longitudinal bars.
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Figure 4-29: Longitudinal rebar strain profile near reaction point
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4.3.3 Capacity Estimated by Strut-and-Tie Models

A complete STM analysis of each test would include a strut-and-tie model of the
entire specimen. It is convenient to consider each span individually by breaking up the
applied load into two loads, each equal to the reaction force at each end of the beam, as
shown in Figure 4-30 (Wight and Parra-Montesinos, 2003). The strength of the longer
span is dictated by sectional behavior and does not govern the strength of the specimen;
therefore, only the short span is considered here.

The conservatism of strut-and-tie modeling (STM) was evident for the specimens
in the current experimental program. The measured load was greater than the strength as
estimated by STM for each of the nine tests. It should be noted that load factors and
resistance factors were neglected in estimating the capacity of a test specimen through the

use of STM. Thus the STM capacity reported in the following sections is the unfactored

STM capacity.
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Figure 4-30: Strut-and-tie model of a test specimen

4.3.3.1 One-panel Model

The short shear span of each test can be modeled using a one-panel strut-and-tie

model. Other researchers have concluded the behavior of a deep beam loaded with a
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single point load is best described by a single strut between the load point and reaction
point (Leonhardt & Walther 1966, Brown et al. 2006), provided that the distance between
the load and the support is less than or equal to 2d. A one-panel strut-and-tie model of
the shear span in two tests (Test #8 and Test #9) is shown in Figure 4-31.

The geometry of the strut-and-tie elements is governed by the size of the bearing
plates and the placement of reinforcement. Non-hydrostatic nodes are utilized in the
strut-and-tie models. Hydrostatic nodes for a one-panel model with an a/d ratio near 2.0
are impractical (Figure 2-4). The top dimension of the node at the applied load was
assumed to be equal to 71% of the dimension of the bearing plate in the direction of the
span. In the case of Test #1 the dimension is 177, corresponding to approximately 71%
of the 24” bearing plate dimension (Figure 4-31a)

As suggested in Brown et al. (2006), the depth of this node was assumed to be
approximately equal to the depth of the flexural compression block obtained using plane
section analysis of the section. The depth of the compression block depends on concrete
strength, and therefore varies slightly between specimens. For simplicity of comparisons
between the strut-and-tie model of each test, this dimension was assumed to be 16 in all
one-panel models. The width (transverse dimension) of the node adjacent to the applied
load, and the corresponding strut width at the interface with that node, are simply equal to
the transverse bearing plate dimension (for example, 12” in Figure 4-31d).

Bearing plates with widths less than the 36 width of the specimen were used in
Tests #6, and #9. Bearing stresses with narrow bearing areas increase due the confining
effect of the surrounding concrete, as indicated in ACI section 10.17 and AASHTO
section 5.7.5. However, in the interest of keeping the models simple and easily
comparable, the benefit of confinement was neglected. The node geometry at the point of
the reaction bearing plate was identical for the strut-and-tie model of each of the nine
tests.

Detailed calculations for the strut-and-tie model of Test #1, using ACI 318-05,
AASHTO LRFD design specifications and TxDOT 4371 modifications are presented in

Appendix A.
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a) Test #8 (Shear span 3A) "I b) Test #8 (Shear span 3A)
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Figure 4-31: Typical strut-and-tie geometry

Figure 4-32 shows a comparison of STM capacities using a one-panel strut-and-
tie model and the measured load for each of the nine tests completed. The data on which
the Figure 4-32 is based is given in Table 4-10. The governing STM element is also
listed.
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Figure 4-33: STM element naming scheme

It is clear that all three STM design methods provide conservative estimates of
strength. Beyond this, several notable trends are evident. First, the use of ACI 318 STM
provisions results in the least conservative STM capacities. In addition, the use of
TxDOT 4371 STM provisions provides very conservative STM capacities when a
bearing plate with small dimension in the direction of the span is utilized. Finally, the
tests that utilized the smallest applied load bearing areas (Tests #4, #6, #7, and #9)
demonstrate the largest discrepancy between the experimental maximum applied load and
the STM capacity.

The use of ACI 318-05 Appendix A provisions results in the least conservative
STM capacity, because the determination of strut efficiency in ACI is not a function of
the angle of the strut or the a/d ratio. All tests in the experimental program were carried
out with an a/d ratio of 1.85. Despite the fact that the ACI STM provisions neglect a/d in
the determination of strut efficiency, these provisions provided conservative estimates of
ultimate strength for all the tests conducted during the course of this research study.

Another notable trend in Figure 4-32 is the discrepancy between STM capacities
determined using AASHTO LRFD and TxDOT 4371. In tests that utilized a 24”x36”

applied load bearing plate, the capacity using these two STM methods is virtually
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identical. However, in tests that utilized a bearing plate that is 8” in the direction of the
span (Tests #4, #7, #9), the discrepancy is significant. This difference is due to the
TxDOT 4371 strut efficiency equation:

V= 0.85tan6 Ir} Equation 4-3
f'. wsind

The strut efficiency is a function of | /w, where |, is equal to the dimension of

the bearing plate in the direction of the span and w;s is equal to the inclined dimension
corresponding to the strut-to-node interface (Figure 4-4). If the depth of the node is
assumed to remain constant, a reduction in the size of the bearing area will reduce the |
term to a greater extent than the w term. Thus, in instances where the specimen is loaded
with a bearing plate that is 8” in the dimension of the span, the corresponding strut
efficiency as per TxDOT 4371 is significantly reduced. In contrast, the AASHTO LRFD

strut efficiency is not a function of the bearing area.

’
l\ /
N
Equation 4-4: TXDOT 4371 node nomenclature

The tests that utilized the smallest applied load bearing areas (Tests #4, #6, #7,
and #9) demonstrated the largest discrepancy between the experimental maximum
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applied load and the STM capacity shown in Table 4-10 and Figure 4-34. The plot shows
the ratio of the maximum applied load over the STM capacity as a function of applied
load bearing area; it is evident that tests with smaller bearing areas have larger
differences between the experimental and modeled capacities.

These differences can be explained by that fact that the bearing strength of loaded
areas is increased due to the confinement provided by surrounding areas of concrete.
When a loaded concrete surface is surrounded by large volumes of concrete, the bearing
strength can significantly be increased. This benefit is illustrated in Figure 4-35, which
shows the cross-section of a bearing node in a section loaded with a limited bearing
width.

The benefit of confinement for loaded areas is acknowledged and discussed in
ACI section 10.17 and AASHTO section 5.7.5. However, ACI and AASHTO do not
provide explicit guidance on utilizing these provisions in the context of STM. This

benefit was not accounted for in the STM capacities presented above.
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4.3.3.2 Two-panel Model

The short shear span of each specimen can be modeled using a two-panel strut-
and-tie model, as shown in Figure 4-36. The use of a two-panel model integrates vertical
shear reinforcement, and assumes that stirrups result in a strut-and-tie model similar to
that in a B-Region—rather than just serving as crack control reinforcement. A two-panel
strut-and tie model is more difficult to employ than a one-panel strut-and-tie model. The
assumptions used in modeling the specimens with a two-panel strut-and-tie model are

outlined in the following paragraphs.

‘0.71P

—

Y IR RTINS

s |B ¢+ D

/ /
/ /
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A0 cl, 0 E

— 1]
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Figure 4-36: Two-panel strut-and-tie model

A primary challenge in modeling a two-panel model is idealizing the vertical tie
BC, along with the CCT node at B and the CTT node at C (Figure 4-36). Although the
model idealizes tie BC as a single tie at mid-length of the shear span, vertical shear
reinforcement is rarely lumped together at one location in a shear span. Instead, stirrups
are typically spaced evenly across the shear span. Even so, it is typically assumed that

numerous stirrups are engaged as part of tie BC. In AASHTO, the use of a two-panel
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model is facilitated by AASHTO 5.6.3, which states that crack control reinforcement may
also be utilized as tie reinforcement in a strut-and-tie model. However, ACI 318-05 does
not include an equivalent provision.

ACI 318-05 specifies that the minimum angle between a strut and tie is 25
degrees. Therefore it is possible to assume that any stirrup that adjoins to a diagonal strut
at an angle of greater than 25 degrees is engages as part of the vertical tie (Wight and
Parra-Montesinos, 2003). This assumption was made for two-panel modeling in the
current experimental program, and is illustrated in Figure 4-37, where seven stirrups are

considered to be part of Tie BC in shear span 2B.

B —
ATTI TR =7
/ / b
— >25°
"<I
>25°— / /
Ay /

\ Stirrups in Tie BC /
Length of node C

Figure 4-37: Stirrups engaged in tie BC

Unlike the geometry of node A, which is defined by a combination of bearing
areas and reinforcement placement, and node D, which is defined by the bearing area and
assumed compression block depth, the geometry of nodes B and C are difficult to define.
A sketch of the CTT node at C is shown in Figure 4-38. The height of the node, w,, is

defined by the placement of longitudinal reinforcement. However, the horizontal
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dimension is ambiguous. It is possible to conservatively assume this dimension is equal
to the distance between outermost stirrups included in tie BC (Wight and Parra-

Montesinos, 2003).

Wge

Figure 4-38: Two-panel strut-and-tie model: CTT node

In most cases this horizontal dimension is sufficiently large to prevent the CTT
node from governing the strut-and-tie model, despite the low efficiency factor required
for CTT nodes. In addition, the CCT node at B (Figure 4-36) typically has similar
geometry to node C, but is subject to a higher efficiency factor. Given the ambiguity of
the geometry of nodes B and C, it was assumed that these nodes, and the corresponding
strut interfaces with these nodes, did not govern the two-panel model. The validity of
this assumption is underscored by the fact that deep beams rarely fail at the point of an
interior node in experimental tests.

The ambiguity of the CTT node diminishes the significance of the AASHTO
limited strut width provision (outlined in section 2.2.1.1.2). The provision applies to
struts that are anchored by reinforcement at the point of a node, such as the strut framing
into the CTT node (Node C, Figure 4-36), which is anchored by vertical shear
reinforcement. As outlined above, the horizontal dimension of the CTT node is

ambiguous, but can be assumed sufficiently large to not govern a two-panel model.
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Thus, applying a reduction to the strut-to-node interface, as per the AASHTO limited
strut width provision, will not cause the strut interface at the CTT to govern the strut-and-
tie model. As a result, the AASHTO limited strut width provision was not applied to the
struts in the two-panel strut-and-tie model capacities presented in this section.

Consider, for example, the AASHTO limited strut width provision in the context
of shear span 2B, which contained 2-legged stirrups. AASHTO 5.6.3.3.2 limits the width
of the strut to 21.8”, or 60.6% of the full 36 inch width of the beam, as shown in Figure
4-39. However, the size of the CTT node, and therefore the strut-to-node interface at the
node, is ambiguous. Applying an exact reduction to the strut at its interface with a node

of ambiguous size is questionable.

|' \ 2(8.46”) + 2(2.44”) = 21.8”
21.8”
sagr = 0-0606
¢ oStrut width is limited to
d=1.41" t L ' 60.6% of beam width
~2.44" ~2.44"

6d, = 8.46"
Figure 4-39: Limited strut width for shear span 2B

The use of the AASHTO Ilimited strut width provision in deep beams is
particularly questionable in light of the fact that no such provision exists for sectional
shear. A slender member (sectional shear) can be modeled using a strut-and-tie model, as
shown in Figure 4-40. The model contains a series of CTT nodes that are subject to the
AASHTO limited strut width provision. In this model the anchorage of vertical shear
reinforcement is critical to the shear capacity of the member. Despite this fact, the

detailing of stirrups in sectional design is not considered to affect the shear capacity of

150



the member. By the same logic, the detailing of stirrups in a deep beam should not affect
the capacity of the member, particularly considering that the shear strength of a deep

beam is not strongly correlated to the amount of transverse reinforcement.

Figure 4-40: Strut-and-tie model of a sectional member

Beyond the interior nodes, an assumption must be made regarding the geometry
of the node under the applied load (Node D in Figure 4-36). The assumed geometry of
this node is shown in Figure 4-41. The depth of the prismatic strut BD was assumed to
be 97, with the lower portion of the node assumed be 11”. The combined depth of the
two dimensions (20”) is roughly equal to the neutral axis depth, depending on the
concrete strength. A reduction in the depth of strut BD would cause it to govern the

model; an increase in its dimension would cause unecessary inclination of strut CD.
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Strut BD 9”

11”

Figure 4-41: CCC node geometry

Capacities estimated by using two-panel strut-and-tie models are compared to
experimental maximum applied loads for all nine tests in Table 4-11. The data are
plotted in Figure 4-42. A full set of calculations for the two-panel strut-and-tie model of
Test #5 is given in Appendix A.

Table 4-11: STM capacities and maximum applied loads

Two-Panel Strut-and-Tie Model
AASHTO LRFD TxDOT 4371 ACI 318-05
Maxmmm Shga rat 2-Panel . 2-Panel . 2-Panel .
Test | Applied Maximum . Governing . Governing . Governing
. Capacity Capacity Capacity
# Lgad Applle?d (kips) Element (kips) Element (kips) Element
(kips) Load (kips)
1 1,626 1133 314 tie BC 314 tie BC 209 tie BC
2 2,050 1434 942 tie BC 942 tie BC 733 tie BC
3 1,573 1095 304 tie BC 304 tie BC 203 tie BC
4 1,510 1050 304 tie BC 304 tie BC 203 tie BC
5 1,628 1134 709* tie BC 709* tie BC 506* tie BC
6 1,628 1134 709 tie BC 709 tie BC 506 tie BC
7 1,853 1294 709 tie BC 709 tie BC 506 tie BC
8 1,510 1050 270 tie BC 270 tie BC 0 tie BC
strut CD strut CD .

9 1,262 874 300 at node D 119 at node D 209 tie BC

*STM calculations for this test are given in Appendix A
+Test resulted in shear failure
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The two-panel STM capacity using AASHTO LRFD and TxDOT 4371 was
governed by the vertical tie BC (Figure 4-36) for eight of the nine tests, while the two-
panel STM capacity using ACI 318 was governed by the vertical tie BC for all nine tests.
Therefore, the conservatism of the two-panel model for a given shear span is directly
related the amount of transverse reinforcement assumed to be part of tie BC. Notably,
the vertical tie BC governs the capacity of the strut-and-tie model even in the case of Test
#2, where the shear span has nearly three times vertical shear reinforcement required by
AASHTO.

AASHTO LRFD specifies that crack control reinforcement may also be utilized
as tie reinforcement in a strut-and-tie model. However, Appendix A of ACI 318 does not
contain an equivalent provision. As a result, the STM capacity of a two-panel model in
ACI is more conservative than either AASHTO LRFD or TxDOT 4371.

Regardless of the strut-and-tie modeling design method used, the efficient use of a
two-panel strut-and-tie model requires a tremendous amount of vertical shear
reinforcement. The tests with the smallest difference between the maximum applied load
and the STM capacity were Test #2 and Tests #5 through #7. These tests were completed
on shear spans with vertical reinforcement ratios of 0.0086 and 0.0061, respectively.
Therefore, the use of a two-panel strut-and-tie model was inefficient unless an amount of
vertical reinforcement at least double AASHTO minimum vertical reinforcement ratio of

0.003 was provided.

4.3.3.3 Model Efficiency

The selection of a strut-and-tie model in a deep beam can be difficult.
Examination of concrete surface strains and crack patterns yields valuable insight into the
actual load path from the applied loading point to the reaction point.

Concrete strains were measured at mid-length of the bottle-shaped one-panel strut
in Test #1, as outlined in section 3.7.3.2 and shown in Figure 4-43. The strain gauges
were placed in this manner to obtain a strain profile at mid-length of the bottle-shaped
strut, where the extent of dispersion of the strut is the greatest.
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Figure 4-43: Surface strain gauge locations

A plot of concrete strain and stress at the ultimate load vs. distance from the
bottle-shaped strut centerline is shown in Figure 4-44. The curve demonstrates that force
does indeed flow from the load point to the reaction point in a manner consistent with a
bottle-shaped strut, and therefore supports the use of a one-panel strut-and-tie model.
The strain profile shown in Figure 4-44 is shown superimposed over the shear span in
Figure 4-45, along with an outline of the bottle-shaped strut consistent with the strain

measurements.
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Figure 4-44: Concrete strain and stress vs. distance from strut centerline

The maximum stress inferred from strain measurements in the concrete at the time
of failure was 2,430 psi. However, this is the stress at mid-length of the strut; given its
bottle shape, the concrete stress is much greater at the strut-to-node interface. Using the
above plot, the estimated width of the bottle-shaped strut is approximately 40 inches.
Using a one-panel strut-and-tie model, the width of the strut at the node is approximately
21 inches. Assuming that the stress in the strut is proportional to its width, the concrete
stress at the node-strut interface is estimated as 4,630 psi. The concrete strength for this

specimen was 4,100 psi.
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Figure 4-45: Estimation of bottle-shaped strut using concrete strain profile

As noted in the previous section, it was found that two-panel models are
inefficient unless a large amount of vertical transverse reinforcement is present. In
addition, the use of a two-panel strut-and-tie model is not supported by the cracking
pattern of specimens. Figure 4-46 illustrates one and two-panel strut-and-tie models
superimposed over the cracking pattern of a typical test specimen. As can be seen in the
figure, crack patterns observed in a typical test indicate that the actual load path is a

combination of one-panel and two-panel strut-and tie models.
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a) One-Panel Strut-and-Tie Model b) Two-Panel Strut-and-Tie Model
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Figure 4-46: Strut-and-tie model comparison to cracking behavior

4.3.3.4 Comparison to First Diagonal Cracking Load

STM does not permit design by serviceability limit states. Even so, the
experimentally determined first diagonal cracking load can be compared to the STM
capacity for each specimen. The comparison can be used to evaluate the effectiveness of
STM from a standpoint of serviceability.

The first diagonal cracking load was recorded for three tests—the original test on
each of the three specimens. The first diagonal cracking load and unfactored STM
capacity using each of the three STM methods outlined in Chapter 2 is shown in Table
4-12 and Figure 4-47. Since the capacity of a specimen estimated by using a one-panel

STM model is a function of the compressive strength of concrete, it was most appropriate
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to use. Similarly, the diagonal cracking load is generally considered to be proportional to

the square root of the compressive strength.

Table 4-12: Diagonal cracking loads and STM capacities

AASHTO TxDOT Diagonal
Shear ACI 1- .
Test P, A 1-Panel 1-Panel Cracking
Span . z s e, Panel STM .
# Tested (psi) bs, STM 4371 STM Capacit Applied
Capacity Capacity pacity Load (kips)
1 1A 4100 0.0043 637 633 1024 535
3 2A 4900 0.0043 743 692 1225 451
8 3A 2800 0.0031 453 541 697 317
1400
Legend:
1200 |
Experimental Diagonal —
m Cracking Load
£ 1000 |
S5
2 ACI 1-Panel STM
§ 800 - Nominal Capacity
©
© 600 [
8 TXDOT 4371 1-Panel STM
k= Nominal C it
g 400 ominal Capacity —l
4
200 | AASHTO 1-Panel
STM Nominal _l
0 Capacity
Test 1 Test 3 Test 8

Zb%'sim% =0.0043
4-leg stirrups

Z%‘sinoq =0.0043 Zb%isim% =0.0031

2-leg stirrups

4-leg stirrups

Figure 4-47: Diagonal cracking loads and STM capacities

The data in Table 4-12 and Figure 4-47 indicate that strut capacities estimated

through the use of one-panel strut-and-tie models are higher than the diagonal cracking

load. Since it is desirable to prevent the formation of diagonal cracks under service

loads, the data presented in Table 4-12 and Figure 4-47 are further analyzed.
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The load and resistance factors of both AASHTO LRFD and ACI 318 are listed in
Table 4-13. The factors used by TxDOT 4371 guidelines are identical to that of
AASHTO LRFD. The load factors listed are those for the load combination that includes
only dead and live loads. ACI stipulates a single strength reduction factor for all STM
elements, while AASHTO LRFD stipulates a single resistance factor for STM elements
in compression. A one-panel strut-and-tie model is composed entirely of components in

compression, and therefore each component is subject to the ¢ factor shown below.

Table 4-13: Load and resistance factors

Structural Desien STM Resistance
uctu esig Load Factor: DL Load Factor: LL Factor or Strength
Code .
Reduction Factor, ¢
AASHTO LRFD 1.25 1.75 0.70*
ACI 318-05 1.2 1.6 0.75

*For compression members in a strut-and-tie model

The first diagonal cracking load can be expressed as a fraction of the STM
capacity (Table 4-14). This value can be compared to the ratio of factored STM capacity
to unfactored STM capacity. This ratio depends on the assumed proportion of dead and
live load being applied to the specimen. It is possible to solve for the minimum fraction
of assumed live load on a specimen such that the factored STM capacity is less than the

first diagonal cracking load.
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Table 4-14: Cracking load fraction of STM capacity

Cracking Cracking Cracking
AAsHTO | TXPOT |y cpy. | Applied | Load Load Load
1-Panel Load at Fraction . Fraction
Test 1-Panel Panel R Fraction
4 STM 4371 STM Diagonal of of TXDOT of ACI
Capacit STM Capacit Cracking | AASHTO 4371 STM 318-05
PACY | Capacity PACY 1 (kips) STM Canasit STM
Capacity pacity Capacity
1 637 633 1024 535 0.84 0.85 0.52
3 743 692 1225 451 0.61 0.65 0.37
8 453 541 697 317 0.70 0.59 0.45

For example, the lowest ratio of the first diagonal cracking load to AASHTO
STM capacity is 0.61 (Table 4-14). In a typical strut-and-tie model design load and
resistance factors are used. In other words, the factored strut capacity (¢F,) is kept
greater than the factored load in the strut (F,). This implies an apparent factor of safety
that is roughly equal to an effective load factor divided by the ¢ factor, where the
effective load factor can be viewed as the average load factor applied to the dead load and
live load. Although unrealistic, the smallest apparent factor of safety can be calculated as
the dead load factor divided by the ¢ factor, since the dead load factor is smaller than the
live load factor in ACI 318-05 and AASHTO LRFD.

Using AAHTO LRFD Bridge Design Specifications and assuming conservatively
that the corresponding specimen is loaded entirely with dead load, the unfactored strut

capacity is multiplied by a factor of ¢/1.25 to calculate the maximum load that can be

permitted on that strut in a typical design environment:

¢ 4 070 0.56
LOAD FACTOR 125 125

The above calculation implies that the unfactored or service loads on that diagonal

strut are separated from the factored loads by a factor of 1.8 (apparent factor of safety).
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Conversely the largest load that can be permitted on a strut is equal to (1/1.8 = 0.56) 56%
of its STM capacity:

Factored Strut Capacity 0.56 < 0.6 First Diagonal Cracking Load
Unfactored Strut Capacity ' Unfactored Strut Capacity

Therefore, for each specimen the factored STM capacity using AASHTO is less
than the load corresponding to the first diagonal cracking load. That is, an equivalent
structure in the field designed using STM would not undergo diagonal cracking,
irrelevant of the fraction of DL and LL on the structure. As the ratio of LL to DL
increases the effective load factor will increase and the ratio of the ¢ factor to effective
load factor will decrease.

The same is true of the STM capacity calculated using TxDOT 4371 provisions.
The lowest fraction of first diagonal cracking load to TxDOT 4371 STM strut capacity is
0.59. Therefore in the worst case, the factored strut capacity using TxDOT 4371

provisions is less than first diagonal cracking load:

Factored Strut Capacity 056 <0.59 First Diagonal Cracking Load
Unfactored Strut Capacity ' Unfactored Strut Capacity

The same observation is not true of specimen STM capacities determined using
ACI. The lowest fraction of first diagonal cracking load to ACI STM strut capacity is
0.37. Assuming that the corresponding specimen is loaded entirely with live load (the
least conservative assumption), the unfactored strut capacity is multiplied by a factor of

¢/1.60 to account for load and resistance factors:

¢ ¢ 075
LOAD FACTOR 1.25 1.60

0.47
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Factored Strut Capacity 047037 — First Diagonal Cracking Load
Unfactored Strut Capacity ' Unfactored Strut Capacity

Therefore the factored strut capacity using ACI 318 is greater than the first
diagonal cracking load, regardless of the assumed type of loading on the structure.

The above analyses indicate that a deep beam with an a/d ratio near 2.0 designed
using a factored one-panel strut-and-tie model with either the AASHTO LRFD or
TxDOT 4371 provisions is unlikely to undergo diagonal cracking. Conversely, a deep
beam with an a/d ratio near 2.0 designed using a factored one-panel strut-and-tie model
with the ACI STM provisions will likely undergo diagonal cracking.

It is important to recognize that these observations are based on results from three
tests. These tests were conducted on full-scale specimens that were the largest specimens
with shear reinforcement tested in the history of shear research (see section 2.4). In
future tests somewhat lower diagonal cracking loads may be observed. However, this
possibility does not change the general trends discussed above.

In addition, the applicability of these results is underscored by the fact that the
project specimens were designed to be more shear critical than typical TxDOT deep
beams. Typical field members will have less of a propensity to undergo diagonal

cracking.

4.4 MINIMUM HORIZONTAL AND VERTICAL TRANSVERSE REINFORCEMENT RATIOS

The research reviewed in Chapter 2 of this document indicated that the
effectiveness of horizontal or vertical transverse reinforcement in a deep beam is largely
dependent on the a/d ratio. For example, Kong et al. (1970) found that horizontal skin
reinforcement was most effective in specimens tested with very low a/d ratios. By the
same token, a host of research studies have found that vertical reinforcement is most
effective in specimens loaded such that a/d is near 2.0 (see section 2.5.14).

An analysis of forces in a bottle-shaped strut supports these experimental results.
In a deep beam, the dispersion of compression in a bottle-shaped strut will cause tensile
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forces along the strut in a direction perpendicular to the strut axis (Figure 4-48a).
Reinforcement is most efficiently placed perpendicular to the axis of a bottle-shaped
strut. However, in practice reinforcement is typically placed orthogonally. Therefore, in
deep beams loaded such that a/d is near 2.0 (with a correspondingly small angle of strut
inclination) the tensile dispersion forces are nearly vertical and are therefore effectively
resisted by vertical reinforcement (Figure 4-48b). Conversely, the tensile forces in deep
beams loaded such that a/d is just above zero (with a correspondingly large angle of strut
inclination) will be most effectively resisted by horizontal reinforcement (Figure 4-48c).
In short, the effectiveness of horizontal or vertical shear reinforcement depends largely
on the strut angle of inclination.

This concept is not directly accounted for in the STM design provisions of both of
the structural design codes considered in this document. Only AASHTO LRFD
explicitly requires that both horizontal and vertical transverse reinforcement must be
present in a deep beam. The code specifies an amount of transverse reinforcement equal
to at least 0.003 times the gross cross-sectional area in each orthogonal direction.

Conversely, ACI requires that the combination of horizontal and vertical
reinforcement must be greater than a specified minimum. As outlined in Chapter 2, ACI
A.3.3 specifies that horizontal and vertical reinforcement crossing a bottle-shaped strut

must satisfy:

Z%sin a; >0.003 Equation 4-5
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a) lllustration of bottle-shaped strut dispersion forces
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In addition, ACI specifies that if transverse reinforcement is placed in only one
direction, the angle between the strut axis and the reinforcement axis (o) must not be less
than 40 degrees. Even so, it is possible to satisfy the minimum requirement of ACI 318
by placing transverse reinforcement in an inefficient manner.

It is important to note that the forces in a bottle-shaped strut, analyzed using
Mohr’s Circle for stress, would indicate that the trigonometric term in the ACI equation
should be squared. When this equation was introduced in 2002 by ACI the trigonometric
term was not squared, resulting in an equation that is both simple and conservative.

In lieu of using ACI A.3.3, ACI 11.8 allows placement of transverse
reinforcement in a deep beam such that the minimum horizontal reinforcement ratio is
0.0015 and the minimum vertical transverse reinforcement ratio is 0.0025. This
provision has undergone changes in recent years. ACI 318-99 and earlier versions of the
code required a minimum of 0.0015 times the gross cross-sectional area in the vertical
direction, and 0.0025 times the gross cross-sectional area in the horizontal direction. In
2002, the minimum reinforcement ratio required in each direction was interchanged; the
ACI 318-05 commentary states the change was made to because past research indicated
that vertical shear reinforcement is more effective than horizontal shear reinforcement.
Among the research cited is the study by Rogowski, MacGregor, and Ong (1986) that
was summarized in Chapter 2.

Similarly to the ACI Appendix A provisions, TxDOT 4371 guidelines specify that
the combination of horizontal and vertical transverse reinforcement must be greater than

a specified minimum:

2 2
/ %H My H
= || == +| =2 > < Equation 4-6
pi (bSH bSV Ioi,mm q

Using either ACI 318 Appendix A provisions or TxDOT 4371 guidelines, it is
possible to satisfy minimum transverse reinforcement requirements by placing horizontal

or vertical shear reinforcement without regard for a/d ratio and angle of strut inclination.
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Given that the effectiveness of a given direction of transverse reinforcement is dependent
on the a/d ratio (and corresponding angle of strut inclination), the omission of
reinforcement in an orthogonal direction could be detrimental to the serviceability
performance of the beam. For example, placing little or no vertical reinforcement in a
deep beam loaded such that a/d = 2.0 is a very inefficient placement of reinforcement.

As a result, it is suggested that a minimum amount of transverse reinforcement in
each orthogonal direction be included. The minimum amount of horizontal and vertical
reinforcement should be a function of the angle of inclination. Proposed minimum
horizontal and vertical reinforcement ratios are shown in Figure 4-49.

The basis for the suggested minimum transverse reinforcement ratios (0.0025 and
0.0015) is ACI 11.8. ACI suggests that vertical shear reinforcement is more effective in
deep beams, and stipulates a minimum vertical reinforcement ratio of 0.0025. Horizontal
shear reinforcement was deemed less effective, and minimum horizontal reinforcement
ratio of 0.0015 is stipulated.

The minimum values in Figure 4-49 relate these minimum reinforcement ratios to
the angle of strut inclination. As discussed above, the effectiveness of transverse
reinforcement depends on the angle of the strut inclination. When a member is loaded
such that a/d is near 2.0 (and the angle of inclination is less than 25 degrees), the
minimum vertical reinforcement ratio is 0.0025, and the minimum horizontal
reinforcement ratio is 0.0015. Conversely when a member is loaded such that a/d is near
zero (and the angle is inclination is above 65 degrees), the specified minimum

reinforcement ratios are interchanged.
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Figure 4-49: Suggested minimum transverse reinforcement ratio

The suggested minimum reinforcement ratios of the above figure are to be used in
addition to the existing minimum transverse reinforcement requirements of both ACI
318-05 provisions and TxDOT 4371 guidelines. It is important to note that this
modification is suggested on the basis of past research and simple analysis of forces in a

bottle-shaped strut.

4.5 SUMMARY

Nine tests were performed on three specimens, as outlined in Table 4-1. The
variables in the tests were the amount and detailing of horizontal and vertical shear
reinforcement, and the applied load bearing area. Concrete strength also varied between
the three specimens. From these tests a number of observations were made and

conclusions were reached regarding the effect of the test variables on the strength and
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serviceability performance of the deep beams. Additional conclusions were drawn
regarding the effectiveness of using strut-and-tie modeling to estimate the capacity of the

specimens.

4.5.1 Transverse Reinforcement Ratio

The transverse reinforcement ratio had a marginal effect on the ultimate shear
capacity of the specimens. In tests of shear spans with 4-legged stirrups, there was no
trend relating ultimate shear capacity to the amount of transverse reinforcement.
However, the test on the specimen with nearly triple the minimum AASHTO requirement
for vertical reinforcement (Test #2, p, = 0.0086) contained sufficient reinforcement to
initiate a flexural failure rather than a shear failure. In tests of specimens with 2-legged
stirrups, the effect of doubling the amount of vertical reinforcement was a 23% increase
in the shear strength of the specimen. Considering the general scatter in shear data
(Reineck et al., 2003, Brown and Bayrak, 2006), such a small difference is deemed
insignificant.

There was not a significant difference in ultimate shear strength between the shear
spans with minimum transverse reinforcement required by AASHTO LRFD and ACI
318, respectively. Thus, the minimum amount of transverse reinforcement as required by
ACI is adequate from an ultimate strength perspective. Additional reinforcement
produces only marginal increases in ultimate capacity. It is notable that this conclusion
matches that made by Brown et al. (2006) based on smaller-scale test specimens. The
conservative minimum transverse reinforcement requirement of the AASHTO LRFD
code (that is, an amount of transverse reinforcement equal to 0.003 times the gross
concrete area in each direction) is unwarranted from a standpoint of ultimate strength
performance.

The amount of transverse reinforcement did not appreciably affect the applied
load at which first shear cracking occurred. Transverse reinforcement did not engage

until the first shear cracks opened.
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The transverse reinforcement ratio had an effect on shear crack widths.
Transverse reinforcement was effective at reducing crack widths throughout the duration
of loading. However, the amount of transverse reinforcement did not affect the rate of
growth of the shear cracks. Shortly after the formation of diagonal cracks, the widths of
the cracks were comparable in specimens that met the AASHTO minimum and ACI 318
minimum reinforcement requirements. AASHTO LRFD minimum transverse
reinforcement requirements result in the use of 41% additional reinforcement in
comparison to ACI 318-05 specifications. The benefit of providing 41% additional
reinforcement is marginal, particularly at service loads.

The minimum transverse reinforcement requirements of ACI 318 and TxDOT
4371 allow the placement of transverse reinforcement in a deep beam without
consideration of the angle of strut inclination. A minimum amount of transverse
reinforcement that is dependent on the strut angle of inclination should be required in
each orthogonal direction. Such a minimum requirement was proposed in Figure 4-49,
and is meant to be used in addition to the existing STM provisions of ACI 318 and

TxDOT 4371.

4.5.2 Quantity of Stirrup Legs at a Section

The quantity of stirrup legs did not have a significant effect on the ultimate shear
capacity of the specimens. The difference in shear strength between tests on shear spans
with identical amounts of transverse reinforcement but a different number of stirrup legs
(4-legged stirrups and 2-legged stirrups) was approximately 10% in the worst case.
Considering the general scatter in shear data (Reineck et al., 2003, Brown and Bayrak,
2006), such a small difference is deemed insignificant.

The marginal difference in ultimate strength between specimens with multiple
stirrups and those with 2 stirrup legs is consistent with past research. Hsiung and Frantz
(1985) found that the quantity of stirrup legs in a beam had no effect on ultimate shear
capacity. Anderson and Ramirez (1989) found that specimens with multiple stirrup legs
had higher ultimate capacities than those two stirrups legs; however, when normalized

170



relative to concrete strength, the maximum difference between the ultimate capacities of
specimens that failed in shear was less than 10%.

The quantity of stirrup legs had a minor effect on exterior crack widths.
Specimens transversely reinforced with 2-legged stirrups were more effective at
restraining shear crack widths at loads near ultimate than those with 4-legged stirrups.
This observation is logical given that in the specimen with 2-legged stirrups, the
reinforcement was concentrated along side faces.

The effect of the quantity of stirrup legs on interior cracks widths is unknown.
However, given the adequate performance of specimens with 2-leg stirrup from both a
strength and serviceability standpoint, consideration of interior crack widths is
unnecessary. In addition, past research has demonstrated limited variation in crack
widths throughout the cross-section of a wide specimen with only 2 stirrup legs (Hsiung

and Frantz, 1985).

4.5.3 Bearing Area

The size of the bearing area had a minimal effect on the ultimate shear strength.
Large differences in applied load bearing area did not translate to large differences in
shear strength. The capacity of shear spans loaded with different bearing plate sizes was
proportional to the compressive concrete strength rather than bearing area. Beneficial
effects of confinement present for smaller bearing areas at the applied load point
appeared to have offset the increased CCC node stress associated with smaller bearing
plates.

Bearing area did not appreciably affect maximum shear crack widths. The
maximum shear crack width grew linearly with increasing loads for tests with a 24”x36”
applied load bearing area. Conversely, crack widths in the test with an 8”x12” bearing
area, crack widths did not grow linearly with increasing loads. Even so, at any given
fraction of ultimate capacity the crack widths were approximately equal, regardless of the

applied load bearing size.
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4.5.4 Strut-and-Tie Modeling

The strut-and-tie modeling provisions of AASHTO LRFD and the design
guidelines included in TxDOT 4371 are adequate from a standpoint of serviceability. If
the specimens tested in this study were designed using AASHTO LRFD provisions or
TxDOT 4371 provisions, diagonal cracks under service loads would not have occurred
regardless of the assumed ratio of dead load to live load. Conversely, the strut-and-tie
modeling provisions of ACI 318 Appendix A are not adequate from a standpoint of
serviceability, if the formation of diagonal cracks under service loads is not desired.

Strut-and-tie modeling provided conservative estimates of ultimate strength for all
the tests conducted in the experimental program. The ACI 318 STM provisions provided
the greatest strut efficiency and corresponding least conservative STM capacity for each
test. The specimens were tested such that a/d = 1.85, and therefore required a shallow
angle of strut inclination when modeled with a one-panel strut-and-tie model. However,
ACI 318 utilizes constant strut efficiencies irrelevant of the strut inclination. On one
hand it could be argued that from a strength standpoint the strut efficiency factors of ACI
318-05 eliminate unnecessary conservatism that was seen in applying AASHTO LRFD
provisions and TxDOT 4371 guidelines to the specimens tested in this study. On the
other hand, it must be remembered that the high efficiency factors of ACI 318-05
Appendix A provisions would have all but guaranteed shear cracks under service loads
for all of the specimens tested in this study.

The STM capacity of shear spans loaded with limited bearing widths is
exceedingly conservative. Accounting for the effect of confinement, as per ACI 10.17 or
AASHTO 5.7.5, may ease the excessive conservatism of strut-and-tie models for limited
bearing widths.

Concrete surface gauges placed on the side face of a shear span demonstrated that
the load travels from the point of application of a concentrated load to the point of
reaction by a single bottle-shaped strut. This behavior is consistent with the behavior

assumed to occur in a one-panel strut-and-tie model. A two-panel strut-and-tie model is
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not efficient unless a given shear span contains an amount of transverse reinforcement
well in excess of the minimum transverse reinforcement requirement of ACI 318 or
AASHTO LRFD.

As evidenced by strength and serviceability test data, the use of the AASHTO
limited strut width provision (AASHTO 5.6.3.3.2) is not warranted for deep beams. Most
importantly, the use of multiple stirrup legs did not significantly improve the ultimate
strength or serviceability performance of specimens. In addition, the provision is not
warranted for strut-and-tie modeling. The provision applies to the strut-to-CTT node
interface of a two-panel (or multiple-panel) strut-and-tie models. The size of this CTT
node is ambiguous, but can be considered sufficiently large to prevent the node from
governing the strut-and-tie model. Limiting the width of a strut based on an ambiguous
CTT nodal geometry is not justified. The use of full strut widths in two-panel STM
models for the specimens tested in this study resulted in conservative estimates of STM

capacities.
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CHAPTER 5

Summary, Conclusions, and Recommendations

5.1 SUMMARY OF RESEARCH STUDY

A research study was conducted at the Ferguson Structural Engineering
Laboratory (FSEL) at the University of Texas at Austin to investigate the effect of
the amount and detailing of transverse reinforcement and the applied load bearing
area on the ultimate shear strength and serviceability performance of large-scale
reinforced concrete deep beams. The research was partially motivated by the
poor serviceability performance of a number of large-scale TXDOT bent caps. In
addition, the project was undertaken to follow up on the strut-and-tie modeling
provisions developed as part of TXDOT Research Project 4371, which were based
entirely on strength considerations.

In order to accommodate the high loads required to fail large-scale deep
beams, a new test setup was designed and constructed in Ferguson Structural
Engineering Laboratory (FSEL). As used in the current experimental program,
the setup could safely resist an asymmetrically applied point load of 2,500 Kips.
The test setup can be reconfigured to safely resist a point load of 6,000 Kips.

The experimental program for the current research project consisted of
nine tests conducted on three large-scale reinforced concrete deep beams. The
deep beams may be the largest specimens with shear reinforcement in the history
of shear research. At least two tests were performed on each test specimen. The
beams had sufficient length (L/d ratio of 6.4) to obtain two independent shear
tests, one on each end of the specimen, for a total of six shear spans tested. In

each case the a/d ratio was 1.85. In several tests it was necessary to stop loading
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at the initiation of flexural yielding and retest with a smaller, more shear-critical
applied load bearing plate in order to successfully attain a shear failure.

In addition to gathering ultimate strength data, the serviceability
performance of the specimens was extensively evaluated. Each test was carried
out in loading increments of 100 kips with the exception of Test #1, which was
loaded in 50 kip increments. At the conclusion of each loading increment cracks
were marked and crack widths were measured. The first diagonal cracking load,
cracking pattern, formation of parallel diagonal shear cracks, maximum shear
crack widths, and deflection was measured or observed for each of the tests.

The measured ultimate capacity and first diagonal cracking load for each
of the tests were compared to the design capacity estimated by using strut-and-tie
modeling. The strut-and-tie modeling capacity was calculated using two different
U.S. strut-and-tie modeling provisions (AAHSTO LRFD 4™ edition, and ACI
318-05 Appendix A) and the TXxDOT 4371 STM provisions.

5.2 CONCLUSIONS

The effect of the amount and detailing of transverse reinforcement and
bearing area on the ultimate shear strength and serviceability performance of deep
beams was evaluated in the current study. In addition, the experimental capacity
and first cracking load in each test was compared to the design capacity estimated
by using strut-and-tie modeling. The conclusions of the study are presented in
this section. Unless otherwise noted, the conclusions drawn are based on the data

obtained within the experimental study.
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5.2.1 Transverse Reinforcement Ratio

e An amount of transverse reinforcement beyond the minimum
requirement of ACI 318-05 is unwarranted from standpoint of
ultimate strength in deep beams. Additional reinforcement produces
marginal, if any, increases in ultimate capacity. In specimens with 4-
legged stirrups, there was no trend relating ultimate shear capacity to the
amount of transverse reinforcement. The specimen containing minimum
transverse reinforcement required by ACI 318 did not have inferior
performance to the specimen containing the minimum amount of
transverse reinforcement required by AASTHO LRFD. However, one
specimen contained sufficient reinforcement (p, = 0.0086) to initiate a
flexural failure rather than a shear failure. In specimens with 2-legged
stirrups, the effect of doubling the amount of vertical reinforcement
resulted in a 23% increase in the shear strength of the specimen.
Considering the general scatter in shear data, such a small difference was
deemed insignificant.

e The load at which first diagonal crack occurs is unaffected by the
amount of transverse reinforcement. The amount of reinforcement did
not affect the load at which first diagonal cracking occurred. Transverse
reinforcement did not engage until the first shear cracks opened.

e The amount of transverse reinforcement affects shear crack widths.
Transverse reinforcement was effective at reducing crack widths
throughout the duration of loading, particularly at loads near ultimate.
However, the benefit of providing the minimum transverse reinforcement
amount required by AASHTO, which corresponds to a 41% increase over

ACI minimum requirement, is marginal at service loads.
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5.2.2

e A minimum reinforcement ratio in each orthogonal direction is
recommended. Past research has indicated that the effectiveness of shear
reinforcement in a deep beam is strongly related to the angle of strut
inclination. The minimum transverse reinforcement requirements of ACI
318 and TxDOT 4371 allow the placement of transverse reinforcement in
a deep beam without consideration of the angle of strut inclination. A
minimum amount of transverse reinforcement that is dependent on the

strut angle of inclination should be required in each orthogonal direction.

Quantity of Stirrup Legs

e The quantity of stirrup legs did not have a significant effect on the
ultimate shear capacity of the specimens. The difference in shear
strength between shear spans with identical amounts of transverse
reinforcement but differing quantity of stirrup legs (4-legged stirrups and
2-legged stirrups) was approximately 10% in the worst case. Considering
the general scatter associated with shear data, such a small difference is
deemed insignificant. The marginal difference in ultimate strength
between beams with multiple stirrups and those with 2 stirrup legs is
consistent with past research (Hsiung and Frantz, 1985, Anderson and
Ramirez, 1989).

e Specimens with two stirrup legs were more effective at restraining
shear cracks than specimens with multiple stirrup legs. The quantity
of stirrups legs had a negligible effect on exterior crack widths at loads
near service level. At loads near ultimate, specimens transversely
reinforced with 2-legged stirrups were more effective at restraining
exterior shear crack widths at loads near ultimate than those with 4-legged
stirrups. This observation is logical given that the specimen with 2-legged
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5.2.3

5.24

stirrups contained a greater amount of reinforcement along side faces.
Given the adequate strength performance and superior serviceability
performance of specimens containing 2-legged stirrups, consideration of
interior crack widths is arguably unnecessary. In addition, past research
has demonstrated limited variation in crack widths throughout the cross-
section of a wide specimen with only 2 stirrup legs (Hsiung and Frantz,
1985)

Bearing Area

e The applied load bearing area had a marginal effect on the ultimate
shear strength. The capacity of shear spans loaded with different bearing
plate sizes was proportional to the compressive concrete strength rather
than bearing area. Beneficial effects of confinement present for smaller
bearing areas appeared to have offset the increased CCC node stress
associated with smaller bearing plates.

e The applied load bearing area did not appreciably affect shear
crack widths. The maximum shear crack width grew linearly with
increasing loads for tests with a 24”x36” applied load bearing size.
Conversely, crack widths in the test with an 8”x12” applied load bearing
size did not grow linearly with increasing loads. Even so, at any given
fraction of ultimate capacity the crack widths were approximately equal,

irrelevant of the applied load bearing size.

Strut-and-Tie Modeling

e Strut-and-tie modeling provided conservative estimates of ultimate
strength for all the tests conducted in the experimental program. The

capacity of the shear span in each test, as predicted by the strut-and-tie
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modeling provisions of AASHTO LRFD, ACI 318, and TxDOT 4371 was
less than the experimental capacity.

e The strut-and-tie modeling provisions of AASHTO LRFD and
TxDOT 4371 are adequate from a standpoint of serviceability. If the
specimens tested in this study were designed using AASHTO LRFD
provisions or TXDOT 4371 provisions, diagonal cracks under service
loads would not have occurred regardless of the assumed ratio of dead
load to live load.

e The strut-and-tie modeling provisions of ACI 318 Appendix A are
not adequate from a standpoint of serviceability, if diagonal cracks at
service loads are not desired. If specimens tested in the current study
were designed using ACI 318-05 STM provisions, the formation of
diagonal cracks under service loads would likely have occurred irrelevant
of the ratio of dead to live load. The strut efficiency required by ACI 318
STM provisions is not a function of the angle of strut inclination, and was
therefore higher than the strut efficiency estimated by AASHTO LRFD in
each of the tests. The ACI provisions should arguably be used with
caution when modeling struts with angles of inclination near 25 degrees,
such as in shear spans in the current study.

e The STM capacity of shear spans loaded with limited bearing
widths is exceedingly conservative. However, accounting for the effect
of confinement, as per ACI 10.17 or AASHTO 5.7.5, may ease the
excessive conservatism of strut-and-tie models for limited bearing widths.

e A considerable percentage of the load flows from the applied load
point to the closest reaction point through a single, bottle-shaped
strut. Concrete surface strain data indicated that the load travels through
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the shear span in a manner consistent with the assumed flow of forces in a
one-panel strut-and-tie model.

e A two-panel strut-and-tie model is not efficient unless a given shear
span contains an amount of transverse reinforcement well in excess of
the minimum transverse reinforcement requirement of ACI 318 or
AASHTO LRFD. The STM capacity of shear spans containing amounts
transverse reinforcement consistent with code minima were found to be
exceedingly conservative when modeled with a two-panel model.

e The use of the AASHTO limited strut width provision (AASHTO
5.6.3.3.2) is not warranted for deep beams. The use of multiple stirrup
legs did not significantly improve the ultimate strength or serviceability
performance of the specimens. In addition, the provision is not warranted
from a modeling standpoint. The provision applies to struts that are
anchored by reinforcement at the point of an ambiguous CTT node.
Limiting the width of a strut based on an ambiguous CTT nodal geometry
is not justified. The use of full strut widths in two-panel STM models for
the specimens tested in this study resulted in conservative estimates of
STM capacities.

5.3 RECOMMENDATIONS FOR FUTURE RESEARCH

e How many reinforcing bars compromise a tie? The capacity of a
two-panel strut-and-tie model is significantly influenced by the quantity of
stirrups considered to be part the vertical tie element.

e What is the effect of reducing the size of the bearing area at the
CCT node? In the current study only the size of the applied load bearing
area, and therefore the adjacent CCC node, was altered. Changing the size
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of the bearing plate at the reaction point may yield different strength and
serviceability behavior.
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APPENDIX A
Strut-and-Tie Models

Appendix A includes the following sets of detailed strut-and-tie model calculations:

One-panel strut-and-tie model of Test #1 using AASHTO LRFD provisions
One-panel strut-and-tie model of Test #1 using TXDOT 4371 provisions
One-panel strut-and-tie model of Test #1 using ACI 318 Appendix A provisions
Two-panel strut-and-tie model of Test #5 using AASHTO LRFD provisions
Two -panel strut-and-tie model of Test #5 using TXDOT 4371 provisions

Two -panel strut-and-tie model of Test #5 using ACI 318 Appendix A provisions
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A.1 ONE-PANEL STRUT-AND-TIE MODEL FOR TEST #1

This section contains a full set of calculations for a one-panel strut-and-tie model
of Test #1, using each of the three STM design methods presented in Chapter 2. It is
meant to be used in addition to the information and assumptions already provided in
section 4.3.3.1. Table A-1 shows pertinent efficiency factors for both the AASHTO
LFRD 4™ Edition and ACI 318-05. Nodal efficiencies and resistance factors using
TxDOT 4371 are identical to those of AASHTO. .

Test #1 was conducted on Shear Span 1A. The geometry and reinforcement

configuration of Shear Span 1A is shown in Figure A-1.

Table A-1: Strut and node efficiency factors

Strut or Node ACI 318-05 AASHTO LRFD
Efficiency Bs o v U]
Strut with

uniform 1.0 0.75 Equation 2-5 0.70

cross-section
Bottle-shaped
strut with
reinforcement 0.75 0.75 Equation 2-5 0.70
satisfying
A.3.3
Bottle-shaped
strut without

reinforcement 0.60 0.75 Equation 2-5 0.70
satisfying
A.3.3
Strutsin
tension 0.40 0.75 Equation 2-5 0.70
members
All other 0.60 0.75 Equation 2-5 0.70
cases
CCC Node 1.0 0.75 0.85 0.70
CCT Node 0.80 0.75 0.75 0.70
CTTor TTT 0.60 0.75 0.65 0.70
Node
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Figure A-1: Shear span 1A a) Cross-section; b) Elevation

In this example the short span is modeled using a one-panel strut-and-tie model.
Figure A-3 shows a two-dimensional one-panel model, along with the geometry of the

bearing areas.
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Figure A-3: Test #1 one-panel two-dimensional strut-and-tie model
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A.1.1 Design Using AASHTO LRFD

The nominal capacity of the strut-and-tie model for the shear span in Test #1 is
637 kips. The governing element in the model is strength of the strut at its interface with
Node A. The nominal capacity of each element in the strut-and-tie model is calculated

below.

A.1.1.1 Nodes

The geometry of each node is shown in Figure A-4. Node A is a CCT node and
Node B is a CCC node. The depth of node A at its left face, w, is equal to the twice the
distance from the bottom face of the specimen to the center of Tie AC (16 inches). The
length of Node A in the direction of the span is equal to the dimension of the support
reaction bearing plate in the direction of the span (16 inches).

The depth of the CCC node (Node B) is typically assumed to be approximately
equal to the depth of the flexural compression block at the nominal flexural capacity of
the section. Using this assumption, the depth w; would be equal to approximately 20
inches, depending on the concrete strength. A depth of 16 inches was selected so that the
angle of inclination of Strut AB would remain approximately 25 degrees—the minimum

angle between a strut and adjoining tie allowed by ACI 318-05.

Node A (CCT) Node B (CCC)

w,, = |,sin8+w,cos - IbB=1 7.06

= 16sin(25)+16cos(25)
=21.2”

8~25° -~

W,,=16”

, |8~25°
- - w,g = | sin8+w,cose v
| =16” = 17.06sin(25)+16cos(25)
°A =21.6”

Figure A-4: Node A and Node B geometry
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The nominal capacity of a node in AASHTO is:
I:)nA = Vf Ic A1
1 is equal to 0.85 for a CCC node and 0.75 for CCT node.

The load on each face of the nodes at the nominal applied load capacity of 633 Kips is

shown in Figure A-5.

Node A (CCT Node B (CCC)

l 453K
L‘fy

998K 998K

1,0&(
1 453K

Figure A-5: Nodal forces

The nominal capacity of the Node A bottom face:

P, =" A =0.75(4.1ksi)(16")(36") = 1,771 > 453"
Nominal capacity of the Node A left face:

P,=v' A =0.75(4.1ksi)(16")(36") =1,771“ > 998"
Nominal capacity of the Node A inclined face:

P,=w" A =0.75(4.1ksi)(21.2")(36") = 2,344 " > 1096 ©

The nominal capacity of the Node B top face:
P, ="' A =0.85(4.1ksi)(17")(36") = 2,141* > 453
Nominal capacity of the Node B right face:
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P,=v" A =0.85(4.1ksi)(16")(36") = 2,007" > 998"
Nominal capacity of the Node B inclined face:

P, =vf' A =0.85(4.1ksi)(21.2")(36") = 2,72% > 1096 *

A.1.1.2 Struts

The force in the strut at the nominal design capacity using strut-and-tie modeling
is 1,096. The angle of the one-panel strut is approximately 25 degrees, as shown above.
The strut capacity is governed by the strut-to-node interface at one of the two nodes. As
outlined in Chapter 2, the strength of a strut according to AASHTO LFRD is:

P, = oA
£

f,=—=¢t <085f"
0.8+170¢,

g =&, + (g, +0.002) cot’

In calculating the strain, ¢ is assumed to be the concrete strain at the center of the

node in the direction of the adjoining tie. The strain at the vertical face of the node is
assumed to be zero, while the strain on the opposite side of the node is equal to the strain

in the horizontal tie (Brown et. al., 2006):

998"
27*1.56in” *60ksi

The strain at the center of the node is therefore the average of this strain value (0.000807)

= 0.000807

and the strain at the vertical face (zero). The capacity of the strut at Node A is:

_ 0.000807 _ , 100403

&

&, = 0.000403 + (0.000403 + 0.002) cot?(25°) = 0.0121
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4.1ksi

= = 1.44ksi < 0.85(4.1ksi) = 3.49Ksi
0.8+170(0.0121)

P, = f A, = (1.44ksi)[(36")(21.2")] = 1,096 (Governs)

Node B is a CCC node, and therefore &5 = 0 (there is no adjoining tie). The capacity of
the strut at Node B is:

& =0

& =0+ (0+0.002) cot®(25°) = 0.0097

3 4.1ksi
* 0.8+170(0.0097)

=1.67ksi < 0.85(4.1ksi) = 3.49ksi

P = f A, =1.67ksi(36")(21.6") =1302" > 1096"

A.1.1.3 Ties
The nominal capacity of tie AC is given by:
P, = f,A, =60ksi(27)(1.56in?) = 2527 > 998 (OK)

A.1.2 Design Using TxDOT 4371

The nominal capacity of the strut-and-tie model for the shear span is 637 kips.
The governing element in the model is strength of the strut at its interface with Node A.

The nominal capacity of each element in the strut-and-tie model is calculated below.

A.1.2.1 Nodes
The calculation of node capacity using the TXDOT 4371 provisions is identical to

that of AASHTO LRFD. Since the nominal capacity of the strut-and-tie model using
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AASHTO (applied load of 633 kips) is nearly identical to that of AASHTO 4371 (637
kips) there is no need to re-check the nodes. Nodal capacities for AASHTO were
presented in section A.1.1.1.

A.1.2.2 Struts

The amount of reinforcement within a strut is calculated as:

S

Note that the two terms contained within a set of parenthesis are the horizontal

and vertical reinforcement ratio, respectively. The minimum amount of reinforcement
required in a strut is given by:

P
n =———2>0.003
pT,mln fybﬁm
If o1 > p71min, the strut efficiency is defined as:

_ 0.85tane |

V= n

Jf'. wsing
If o1 < p1.min, the strut efficiency is defined as:
Ve 0.85tand |,

3/f. wsing

In the case of Strut AB:

pr =4/(0.003 +(0.0031) =0.0043

bmin = 21.2” (minimum strut width; occurs at interface with node A)
¢ =77.5” (length of strut)

b =Lfsph 4Ll lT3 221.2+%=25.8"234.1"

ef 3— min

S0, ber = 34.1”
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2b n
m = i 23T 5.28
bef —bmin 34.1"-21.2"

k
£ i = 1089 = 0.0012 < 0.003

(60ksi)(36")(77.5")(5.28)

S0, p, i = 0.003

Since p, =0.0043 > p, .. =0.003, strut efficiency is given by:

_085tand |,
f'.  w,sing

Strut efficiency at node A:

O 85tang I, 0.85tan(25°) 16"
"owsing  Jalksi  (21.2")sin(25°)

c

=0.35

v, is less than both 0.85 L _ O.SSL =1.55and 0.85 (OK)
w,siné (21.2"sin(25°)

Strut efficiency at node B:

O 85tang |, 0.85tan(25°) 17.06"
owsing  Jaksi  (21.6")sin(25°)

c

=0.36

v, Is less than both 0.85 b _ 0.85& =1.62and 0.85 (OK)
w, sin @ (21.6"sin(25°)

The capacity of strut at A:
P, =v,f' A, =(0.35)(4.1ksi)[(36")(21.2")| = 1089% (Governs)

The capacity of strut at B:
Py =vyf'. A, =(0.36)(4.1ksi)[(36")(21.6") | = 1161° > 1089 (OK)
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A.1.2.3 Ties

The nominal capacity of tie AC is given by:

P, = f,A, =60ksi(27)(1.56in?) = 2527" > 991° (OK)

A.1.3 Design Using ACI 318-05

The nominal capacity of the strut-and-tie model for the shear span is reached at an
applied load of 1,024 kips. The governing element in the model is Node A. The nominal

capacity of each element in the strut-and-tie model is calculated below.

A.1.3.1 Nodes

The geometry of each node was shown in Figure A-4. The node efficiency

factors for ACI were shown in Table A-1.

The nominal capacity of a node in ACI is:
an = fCuAI

f, =0858,f"
So, F, =0.854,f' A

The load on each face of the nodes at the nominal applied load capacity of 1,024

kips is shown in Figure A-6. The node dimensions were given in Figure A-4.
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Node A (CCT Node B (CCC)

o

1,7‘6y
1,606K 1,606K
— —
1,7y

o

Figure A-6: Nodal forces

[n is equal to 1.0 for a CCC node and 0.80 for CCT node.

The nominal capacity of the Node A bottom face:

F,=0.854, f' =0.85(0.80)(4100 psi)[(16")(36")] = 1,606 > 728"
Nominal capacity of the Node A left face:

F, =0.854,f' =0.85(0.80)(4100 psi)[(16")(36")] = 1,606 (Governs)
Nominal capacity of the Node A inclined face:

F, =0.858 f' =0.85(0.80)(4100 psi)[(21.2")(36")] = 2126* > 1,761

The nominal capacity of the Node B top face:

F., =0.854 f' =0.85(1.0)(4100 psi)[(17")(36")] = 2,141" > 728"
Nominal capacity of the Node B right face:

F.,=0.8543 f' =0.85(1.0)(4100 psi)[(16")(36")] = 2,007" > 1,606*
Nominal capacity of the Node B inclined face:

F.,=0.854 f' =0.85(1.0)(4100 psi)[(21.6")(36")] = 2,712 > 1,761
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A.1.3.2 Struts
The capacity of a strut in ACI is given as

Fns = fcuAc

f, =0854,f",

F.=0854f"_ A

Shear span 1A contains AASHTO minimum reinforcement (0.003 times the gross area in
each direction) which is well more than is required by ACI A.3.3. 35 = 0.75 for a bottle
shaped strut with reinforcement satisfying A.3.3. (55 = 0.75 is less than (5, for either

node, so (55 governs and should be used in the strut capacity equation, below:

The capacity of strut AB at node A:
F.., = 0.85(0.75)(4100 psi)[(36")(21.2")| =1,993" > 1,761~
The capacity of strut AB at node B:
F.., = 0.85(0.75)(4100 psi)[(36")(21.6")] = 2,034% > 1,761

A.1.3.3 Ties
The nominal capacity of tie AC is given by:

P, = f,A, =60ksi(27)(1.56in’) = 2,527 >1,604“ (OK)

A.2 Two-PANEL STRUT-AND-TIE MODEL FOR TEST #5

This section contains a full set of calculations for a two-panel strut-and-tie model
of Test #5, using each of the three STM design methods presented in Chapter 2. Figure
A-7 shows a two-panel strut-and-tie model, along with the geometry of the bearing areas.
Table A-1 listed pertinent efficiency factors for both the AASHTO LFRD 4™ Edition and
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ACI 318-05. Nodal efficiencies and resistance factors using TXDOT 4371 are identical to
those of AASHTO.

The assumptions made the for two-panel strut-and-tie models in this study were
already presented in section 4.3.3.2 of Chapter 4. This section expands on that discussion
with detailed calculations.

Test #5 was conducted on Shear Span 2B. The geometry and reinforcement

configuration of Shear Span 1A is shown in Figure A-8.

- ‘0.71P

,_1—»

P IR TR

s |B ¢+ D

/ /
/ /
/ /
/ /

A0 Ccl, 0 E

—— ]
0.71Pf 1o

Figure A-7: Two-panel strut-and-tie model
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#5 SKin — — 6l
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48" I 612

#7 Stirrup [ 4%
- A s
P %

#11 Longitudinal
Bar (Typ.)

b) Beam Centerline’\
Stirrups @ 5 2"

/- Duct ‘

Figure A-8: Shear span 2B a) Cross-section; b) Elevation
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A.2.1 Design Using AASHTO LRFD

The nominal capacity of the model is 709 kips. The governing element is tie BC.

A.2.1.1 Nodes

As was outlined in section 4.3.3.2, the interior nodes (B and C) were assumed not
to govern. The geometry and forces corresponding to Node A are shown in Figure A-9.
The geometry and forces corresponding to Node D are shown in Figure A-10.

w,, = |, ,sin0+w,,coso

= 17sin(40.4)+11cos(40.4) -,y
=22.6”
W= 16” 592K
IbA = 16”
504K
Figure A-9: Node A geometry and forces
l,p = 17"
- 504K
W= 9” 0=40.4° | \w,;,=9” 592K 592K
W= 117 592K
e
w,p = |, psin@+w,,cos0

= 17sin(40.4)+11cos(40.4) 77?‘
=19.4”

Figure A-10: Node D geometry and forces
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The nominal capacity of a node in AASHTO is:
I:)nA = Vf Ic A1
1 is equal to 0.85 for a CCC node (Node D) and 0.75 for CCT node (Node A).

The nominal capacity of the Node A bottom face:
P,=v" A =0.75(4.9ksi)(16")(36") = 2,117* > 504"
Nominal capacity of the Node A left face:

P, =v" A =0.75(4.9si)(16")(36") = 2,117* > 592
Nominal capacity of the Node A inclined face:

P, =" A =0.75(4.9ksi)(22.6")(36") = 2,983" > 778"

The nominal capacity of the Node D top face:

P, ="' A =0.85(4.9ksi)(17")(36") = 2,558" > 504"

Nominal capacity of top portion of Node D side faces, wip;:
P,=v" A =0.85(4.9ksi)(9")(36") = 1,349" > 592

Nominal capacity of bottom portion of Node D right side face, wip:
P,=v" A =0.85(4.9ksi)(11")(36") = 1,649 > 592"

Nominal capacity of the Node D inclined face:

P, =" A =0.85(4.9ksi)(19.4")(36") = 2,913" > 778"

A.2.1.2 Struts

The force in each inclined strut at the nominal design capacity using strut-and-tie
modeling is 778%. The angle of the one-panel strut is approximately 40.4 degrees, as
shown above. The capacity of each inclined strut is governed by the interface with either
node A or node D (again, due the ambiguity of Node B and Node C, the strut-to-node
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interface was assumed not to govern). As outlined in Chapter 2, the strength of a strut
according to AASHTO LFRD is:
P, = f,As

£

f,=—¢ <085f"
0.8+170¢,

g = &, + (&, +0.002) cot’ o

In calculating the strain, ¢ is assumed to be the concrete strain at the center of the

node in the direction of the adjoining tie. The strain at the vertical face of the node is
assumed to be zero, while the strain on the opposite side of the node is equal to the strain
in the horizontal tie (Brown et al., 2006).
Consider inclined Strut AB (Figure A-7). At Node A, the force in the tie is 592 Kips
(Figure A-9).

592¢
27*1.56in* * 60ksi
The strain at the center of the node is therefore the average of this strain value (0.00049)

=0.00049

and the strain at the vertical face (zero). The capacity of the strut at Node A is:
_0.00049

S

=0.00024

£, = 0.00024 + (0.00024 + 0.002) cot?(40.4°) = 0.0033

3 4.9ksi
% 0.8+170(0.0033)

= 3.58ksi < 0.85(4.9ksi) = 4.17ksi

P = f_ A, = (3.58ksi)[(36")(22.6")] = 2,908" > 778"

Consider inclined Strut CD. Node D is a CCC node, and therefore s = 0 (there is no

adjoining tie). The capacity of the strut at Node D is:
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. =0

S

&, = 0+ (0+0.002) cot*(40.4°) = 0.00276

B 4.9ksi
“0.8+170(0.00276)

= 3.86ksi < 0.85(4.9ksi) = 4.17Ksi

P = f_ A, =3.86ksi(36")(19.4") = 2,700* > 778

Consider prismatic Strut BD. Node D is a CCC node, and therefore ¢s = 0 (there is no
adjoining tie). The capacity of the strut at Node D is:

& =0

& =0+ (0+0.002) cot®(40.4°) = 0.00276

P 4.9ksi
*0.8+170(0.00276)

— 3.86ksi < 0.85(4.9ksi) = 4.17ksi

P, = f,A, =3.86ksi(36")(9") =1,250" > 592

A.2.1.3 Ties

The nominal capacity of tie AC is given by:

P, = f,A, =60ksi(27)(1.56in?) = 2527 > 592 (OK)

The nominal capacity of tie CE is given by:

P, = f,A, =60ksi(27)(1.56in°) = 2527" > 592" (2) =1185" (OK)

Tie BC is assumed to contain seven stirrups. It was assumed that any stirrup that adjoins

to a diagonal strut at an angle of greater than 25 degrees is engages as part of the vertical
tie (Wight and Parra-Montesinos, 2003). The nominal capacity of tie BC is given by:

P=1fA = 60ksi(7stirrups)(2legs)(0.60in?) = 504 (Governs)
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A.2.2 Design Using TXDOT 4371

The nominal capacity of the model is 709 kips. The governing element is tie BC. The

model geometry and forces are identical to those presented in section A.2.1.

A.2.2.1 Nodes

The calculation of node capacity using the TXDOT 4371 provisions is identical to
that of AASHTO LRFD. See section A.2.1.1.

A.2.2.2 Struts

The amount of reinforcement within a strut is calculated as:

)2

Note that the two terms contained within a set of parenthesis are the horizontal

and vertical reinforcement ratio, respectively. The minimum amount of reinforcement

required in a strut is given by:

P
n = ————=>0.003
pT,mln fybfm

If o1 > p1.min, the strut efficiency is defined as:

_ 0.85tano |

V= n

JE. wsing

If o1 < p1.min, the strut efficiency is defined as:

. 0.85tand |

. 3/f, wsing
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Consider inclined Strut AB:

pr =+/(0.003) +(0.0061) =0.0068

bmin = 22.6” (minimum strut width; occurs at interface with node A)
¢ =44.4” (length of strut)
l S £ 44.4" 44.4"

b, =—=>b,, > 226+ =14.8">30.0"
3 6

S0, ber = 30.0”

2b "
S 2300 g0

b, —b,, 30.0"-22.6"
k

Do min = 78 =0.001< 0.003

(60ksi)(36")(77.5")(8.10)
S0, P, mn = 0.003

Since p, =0.0068 > p, .., = 0.003, strut efficiency is given by:

_085tand |,
' w,sinéd

c

Strut efficiency at node A:
0 85tang | _0.85tan(40.4°) 16"

n

'owsing  J49ksi  (22.6")sin(40.4°) B

c

v, is less than both 0.85 b _ =0.85 16 =0.931and 0.85 (OK)

w,sing (22.6"sin(40.4°)

The capacity of strut at A:
P, =v,f' A, =(0.36)(4.9ksi)[(36")(22.6") ] = 1,423" > 778
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Consider inclined Strut CD:
(nearly identical geometry to Strut AB, so p, ., = 0.003)

Since p, =0.0068 > p, ... =0.003, strut efficiency is given by:

Vo 0.85tand |,
JFe wsing
Strut efficiency at node D:
v 0.85tang |, 0.85tan(40.4°) 17 044
A JfL wsing J4.9ksi  (19.4")sin(40.4°)
. I 17
v, Is less than both 0.85——"— =0.85 - =1.15and 0.85 (OK)
w;sin @ (19.4"sin(40.4°)

The capacity of strut at D:
P, =v,f' A, =(0.44)(4.9si)[(36")(19.4")| = 1517 > 778"

Consider prismatic strut BD. Since strut angle of inclination is equal to zero,v = 0.85.
The capacity of strut at D:
P, =v,f' A, = (0.85)(4.9ksi)[(36")(9")] = 1,349% > 592"
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A.2.2.3 Ties

The nominal capacity of tie AC is given by:

P, = f,A, =60ksi(27)(1.56in?) = 2527 > 592 (OK)

The nominal capacity of tie CE is given by:

P, = f,A, =60ksi(27)(1.56in”) = 2527" > 592 (2) =1185" (OK)

Tie BC is assumed to contain seven stirrups. It was assumed that any stirrup that adjoins
to a diagonal strut at an angle of greater than 25 degrees is engages as part of the vertical
tie (Wight and Parra-Montesinos, 2003). The nominal capacity of tie BC is given by:

P=1fA = 60ksi(7stirrups)(2legs)(0.60in?) = 504 (Governs)

A.2.3 Design Using ACI 318-05

The nominal capacity of the model is 709 kips. The governing element is tie BC.
The model geometry and forces are identical to those presented in section A.2.1.

A.2.3.1 Nodes

The geometry of each node was shown in Figure A-9 and Figure A-10. The node

efficiency factors for ACI were shown in Table A-1.

The nominal capacity of a node in ACl is:
an = fCuA1
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f, =0858,f"

So, F,, =0.854,f' A

(nis equal to 1.0 for a CCC node and 0.80 for CCT node (Table A-1)

The nominal capacity of the Node A bottom face:

F., =0.854 f' =0.85(0.80)(4900 psi)[(16")(36")] = 1,919" > 504
Nominal capacity of the Node A left face:

F., =0.854, f' = 0.85(0.80)(4900 psi)[(16")(36")] = 1,919" > 592
Nominal capacity of the Node A inclined face:

F, =0.854 f' =0.85(0.80)(4900 psi)[(22.6")(36")] = 2,705" > 778"

The nominal capacity of the Node D top face:

F, =0.854, f' = 0.85(1.0)(4900 psi)[(17")(36")] = 2,558 > 504
Nominal capacity of top portion of Node D side faces, wip;:

F., =0.854, f' =0.85(1.0)(4900 psi)[(9")(36")] = 1,349" > 592
Nominal capacity of bottom portion of Node D right side face, wip:
F., =0.854, f' = 0.85(1.0)(4900 psi)[(11")(36")] = 1,649" > 592*
Nominal capacity of the Node D inclined face:

F., =0.854, f' = 0.85(1.0)(4900 psi)[(19.4")(36")] = 2,914 > 778"

A.2.3.2 Struts

The capacity of a strut in ACI is given as
Fns = fCUAD
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fCU = 0'85ﬂ5 f IC

F.=0854f" A

Shear span 1A contains AASHTO minimum reinforcement (0.003 times the gross area in
each direction) which is well more than the amount required by ACI A.3.3. 35=0.75 for
a bottle shaped strut with reinforcement satisfying A.3.3. (55 = 0.75 is less than (3, for
both Node A and Node D, so [3s governs and should be used in the strut capacity

equation for inclined struts, below:

The capacity of inclined strut AB at node A:

F.., = 0.85(0.75)(4900 psi)[(36")(22.6")] = 2,536" > 778"

The capacity of inclined strut CD at node D:

F.., = 0.85(0.75)(4900 psi)[(36")(19.4")] = 2,185" > 778"

The capacity of prismatic strut BD at node D (Note that (55 = (5, =1.0 for a prismatic strut
at the interface with a CCC node):

F.., = 0.85(1.0)(4900 psi)[(36")(9")] = 1,349% > 592

A.2.3.3 Ties

The nominal capacity of tie AC is given by:

P, = f,A, =60ksi(27)(1.56in) = 2527 > 592 (OK)

The nominal capacity of tie CE is given by:

P, = f,A, =60ksi(27)(1.56in°) = 2527" > 592 (2) =1185" (OK)

Tie BC is assumed to contain seven stirrups. It was assumed that any stirrup that adjoins

to a diagonal strut at an angle of greater than 25 degrees is engages as part of the vertical
tie (Wight and Parra-Montesinos, 2003). The nominal capacity of tie BC is given by:

P=1fA = 60ksi(7stirrups)(2legs)(0.60in?) = 504 (Governs)
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APPENDIX B

Specimen Anchorage Detail

Appendix B includes drawings of the anchorage detail used in each of the

specimens.
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Figure B-1: Anchorage detail, plan view
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Figure B-2: Anchorage detail, elevation view
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APPENDIX C

Failure Photos

Appendix C includes a photograph of each of the five shear failures observed

during the experimental program.
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Figure C-1: Test #1 shear failure

Figure C-2: Test #4 shear failure
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Figure C-3: Test #7 shear failure

Figure C-4: Test #8 shear failure
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Figure C-5: Test #9 shear failure
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