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Bridge bents (deep beams) in the State of Texas have experienced diagonal cracking
problems with increasing frequency. These field related issues, taken in combination with
discrepancies that exist between design provisions for strut and tie modeling (STM), were
the impetus for the funding of the current project. The overall objective of the project was
to develop safe and consistent design guidelines in regard to both the strength and
serviceability of deep beams. In order to accomplish this research objective and related
tasks, a database of 868 deep beam tests was assembled from previous research.
Inadvertently, many of the beams in this database were considerably smaller, did not
contain sufficient information, or contained very little shear reinforcement. As a result,
filtering criteria were used to remove 724 tests from the database. The criteria were
chosen to consider only beams that represent bent caps designed in the field. In addition
to the 144 tests that remained in the database, 34 tests were conducted as part of the
current experimental program resulting in 178 total tests available for evaluation
purposes. Two additional tests were conducted on beams without shear reinforcement,
thus they did not meet the filtering criteria. However, the results from these tests provided
valuable information regarding deep beam behavior. Beams that were fabricated and

tested as part of the current experimental program ranged in size from, 36”x48, 21”x75”,
ii



217x42”, and 217x23”. These tests represent some of the largest deep beam shear tests
ever conducted. STM details that were investigated included: (i) the influence that triaxial
confinement of the load or support plate has on strength and serviceability performance;
and (ii) the influence that multiple stirrup legs distributed across the web has on strength
and serviceability performance. Based on the findings of the experimental and analytical
program, a new strut-and-tie modeling procedure was proposed for the design of deep
beam regions. The procedure is based on an explicitly defined single-panel truss model
with non-hydrostatic nodes. An important aspect of the new STM design methodology is
that it was comprehensively derived based on all the stress checks that constitute an STM
design. Thus, the new method considers every facet of a STM design. The newly
proposed STM procedure is simple, more accurate, and more conservative in comparison
with the ACI 318-08 and AASHTO LRFD (2008) STM design provisions. As such, the
implementation of the new design provisions into ACI 318 and AASHTO LRFD is

recommended.
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Notation

shear span; depth of equivalent rectangular stress block; height of the back
face of the CCC node, in.

shear span-to-depth ratio measured center of span to center of support
loaded area, in®

area of the lower base of the largest frustum of a pyramid, cone, or tapered
wedge contained wholly within the support and having for its upper base
the loaded area, and having side slopes of 1 vertical to 2 horizontal, in®

minimum cross sectional area of the strut, in’
area of the face of a nodal zone, in’

area of tension reinforcement, in

area of compression reinforcement, in*

total area of surface reinforcement at spacing s; in the i-th layer crossing a
strut, with reinforcement at an angle ¢, to the axis of the strut, in*

Area of shear reinforcement perpendicular to the flexural tension
reinforcement, in’

area of shear reinforcement parallel to the flexural tension reinforcement,
2

in

width of the bearing plate at the CCC node

width of the bearing plate at the CCT node

width of beam web, in.

distance from extreme compression fiber to centroid of longitudinal
tension reinforcement

specified compressive strength of concrete, psi

effective compressive strength of concrete in nodal zone, psi
nominal strength of a node face, kip

stress in tension reinforcement, psi

stress in compression reinforcement, psi

Force acting on the face of a nodal zone, kip

specified yield strength of tensile reinforcement, ksi.
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measured yield strength of longitudinal tensile reinforcement, ksi
measured yield strength of vertical transverse reinforcement, ksi.
measured yield strength of horizontal transverse reinforcement, ksi.
beam height, in.

length of bearing plate, in.

length of the bearing plate at the CCC node

length of the bearing plate at the CCT node

bearing capacity/confinement modification factor, % <2
I

applied factored moment at the critical section, in.-1b

measured applied live load, kip

estimated self weight of beam, kip

estimated weight of the transfer girders, kip

measured reaction at the support closest to the load, kip

measured reaction at the support furthest from the load, kip

center-to-center spacing of transverse reinforcement in the vertical
direction, in.

Center-to-center spacing of transverse reinforcement in the horizontal
direction, in.

center-to-center spacing of reinforcement of the i-th layer adjacent to the
surface of the member, in.

applied factored shear at the critical section, Ib

measured shear carried at the time the first diagonal crack forms
(determined as illustrated in Figure 4-3), kip

maximum shear carried in test region, including the estimated self weight
of the specimen and transfer girders, kip

width of the node-to-strut interface, in.

distance from extreme tension fiber to centroid of longitudinal tension
reinforcement

proportion of applied load that flows to near support

angle between the axis of a strut and the bars in the i-th layer of
reinforcement crossing that strut

XV
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the smallest angle between the compression strut and adjoining tension tie,
degrees

factor to account for the effect of the anchorage of ties on the effective
compressive strength of a nodal zone

displacement due to flexural and shear deformations

recorded displacement at far reaction point

recorded displacement at load point

recorded displacement at near reaction point

displacement due to rigid body motion

the tensile strain in the concrete in the direction of the tensile tie
angle of strut measured from the horizontal axis

efficiency factor, concrete effectiveness factor

ratio of reinforcement perpendicular to the axis of the strut

ratio of horizontal transverse reinforcement to effective area, A%. P
2
ratio of longitudinal tensile reinforcement to effective area, A% d
. T . . . A’
ratio of longitudinal compression reinforcement to effective area, % d

. . . . A
ratio of vertical transverse reinforcement to effective area, b
1

estimated uniform self weight, kip/ft

XVi
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CHAPTER 1

Introduction

OVERVIEW

A deep beam is a structural member whose behavior is dominated by shear
deformations. In practice, engineers typically encounter deep beams when
designing transfer girders, pile supported foundations, or bridge bents. Until
recently, the design of deep beams per U.S. design standards was based on
empirically derived expressions and rules of thumb. The structural design
standards, AASHTO LRFD (2008) and ACI 318-08, adopted the use of strut-and-
tie modeling (STM) for the design of deep beams or other regions of discontinuity
in 1994 and 2002, respectively. Based on the theory of plasticity, STM is a design
method that idealizes stress fields as axial members of a truss. The primary
advantage of STM is its versatility. In other words, it is valid for any given
loading or geometry. However, the primary weakness of STM is also its
versatility. The freedom associated with the method results in a vague and
inconsistently defined set of guidelines. Because of the lack of a well-ordered
design process, many practitioners are reluctant to use STM. A goal of the current
research program is overcome this ambiguity through the development of
consistent and safe STM provisions.

For structural members exposed to public view or environmental elements,
serviceability performance of the structure is arguably a more significant concern
than its strength. Typically, the serviceability performance of deep members is
quantified by the width and spacing of cracks that form under the application of
service loads. In order to control this cracking behavior, a minimum amount of
crack control reinforcement is provided. However, the various design provisions
inconsistently define minimum reinforcement requirements and there is not much
background available to resolve these differences. Hence, another goal of the

current research program is to experimentally examine the minimum
1
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reinforcement provisions and recommend a practical and justifiable minimum
amount based on both strength and serviceability performance.

As part of the current research program, a database of 904 deep beam
specimens has been compiled. Of these 904 tests, 36 have been fabricated and
tested as part of the current project; therefore, data from 868 specimens has been
collected from previous research. Data from these 868 specimens was used to
develop the current deep beam shear design provisions. However, the majority of
these specimens were significantly smaller than actual beams designed in
practice. A typical test specimen may have an area of 100-in> whereas a typical
bridge bent or transfer girder can have an area that is ten to fifteen times larger.
As such, it is not possible to address the current research objectives based on the
data collected from past specimens alone. Therefore, in order to accomplish the
goals of the current project, it was necessary to examine beams whose size and
construction is more representative of those used in the field. As a result, 36
specimens were fabricated and tested as part of the current research program.
These specimens represent some of the largest deep beam shear tests ever

conducted.

PROJECT OBJECTIVE

The current research project was funded by the Texas Department of
Transportation (TxDOT). Since the inclusion of STM provisions in the AASHTO
LRFD specifications in 1994, TxDOT engineers have been examining the impact
that the provisions have on the design of their bent caps. In general, the provisions
are considered confusing as a result of the discrepancy that exists when
transitioning between sectional shear and STM provisions. In addition, bents in
the State of Texas are experiencing diagonal cracking problems with increasing
frequency. These field related issues, taken in combination with discrepancies in
the AASHTO LRFD provisions, were the impetus for TxDOT to fund the current

project. As a result, the overall goal for the project is to develop appropriate
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strength and serviceability design guidelines for bent caps and other deep beams.
In order to properly address specific project tasks, findings from the current

experimental program and those from previous research were used.

PROJECT SCOPE

An extensive amount of literature was reviewed and a database of 904
deep beam shear tests compiled. This database represents the current state of
knowledge of deep beam shear. In addition, it provides a powerful tool for
evaluating and comparing different design provisions to one another.

The beams that make up the database are relatively small in size and less
applicable for the development of design provisions for very large elements like
transfer girders and bridge bents. Therefore, as part of the current project, large-
scale beams have been fabricated and tested. These beams represent some of the
largest deep beam tests ever conducted. They are of a scale that is representative
of deep beams used in practice.

The objectives of the current project were accomplished by performing the
following tasks. These tasks specifically address the inconsistencies contained in
current design provisions. A brief summary of the project tasks can be
summarized as follows:

1. Determine the influence that the distribution of stirrups across the

width of a beam web has on the strength and serviceability behavior of
a deep beam.

2. Determine the influence that triaxially confined bearing plates has on

the strength and serviceability behavior of a deep beam.

3. Determine the influence that the amount of transverse reinforcement

has on the strength and serviceability behavior of a deep beams.

4. Determine the influence that the depth of a deep beam specimen has

on the strength and serviceability performance.
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5. Propose a simple STM design methodology for the design of deep
beams.

6. Address the discrepancy that exists between sectional shear and STM
estimations in the tranmsition region (i.e. at a/d = 2). Make a
recommendation as to the accuracy of a STM model.

7. Make a recommendation on a methodology for determining the service
level stress that causes the first diagonal crack for a deep beam.

8. Make a recommendation on a methodology for relating the maximum
diagonal crack width of a deep beam to its residual capacity.

In order to address the stated tasks, an experimental program was
developed that is directly correlated to tasks 1 through 4. The findings for tasks 1
and 2 are presented in this document (Tuchscherer 2008) and the findings for task
3 and 4 are presented by Birrcher (2008). Based on an analysis of the results
collected from the experimental portion of this project, recommendations were
developed. These recommendations are presented in tasks 5 through 8. The task 5
design recommendation is presented in this document (Tuchscherer 2008) and the
task 6 through 8 recommendations are presented by Birrcher (2008). Specifics on

the organization of this document are presented in the following section.

ORGANIZATION

A background of deep beam behavior, including the past research that has
been used to formulate current deep beam provisions is presented in Chapter 2.
Additionally, research conducted in the past that has specifically studied an aspect
of the current objectives (task 1 and 2) is summarized in Chapter 2. Chapter 3
presents an overview of the experimental program including the fabrication,
instrumentation, and testing procedures for the experimental portion of the current
project. A series of beams were fabricated and tested in order to determine the
influence of distributing stirrups across a beam’s web (task 1). The results of this

testing series are discussed in Chapter 4. Also, a series of beams were fabricated



and tested in order to study the influence of bearing plate size and triaxial
confinement (task 2). The results of this testing series are discussed in Chapter 5.
After presenting the experimental portion of this project, a new strut-and-tie
modeling design methodology is proposed and presented in Chapter 6 (task 4).
All the findings and conclusions of this part of the research program are
summarized in Chapter 7. Upon summarizing the findings, revisions to the
AASHTO LRFD (2008 Interim) and ACI 318-08 provisions are proposed and
presented in Appendix A and Appendix B respectively. Finally, an example
problem is presented in Appendix C in order to illustrate the differences between
the proposed provisions and the relevant parts of the AASHTO LRFD (2008) and
ACI 318-08 specifications.
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CHAPTER 2
Background on Strut-and-Tie Modeling of Deep Beams

DEEP BEAM VS. SECTIONAL BEHAVIOR

Typically, reinforced concrete members are designed to resist shear and
flexural forces based on the assumption that strains vary linearly at a section.
Referred to as the Bernoulli hypothesis or beam theory, the mechanical behavior
of a beam is commonly defined by assuming that plane sections remain plane.
The region of a structure where the Bernoulli hypothesis is valid is referred to as a
B-region (B standing for beam or Bernoulli). In B-regions, the internal state of
stress can be derived from the sectional forces before and after the concrete
cracks. Therefore, the design of these regions is often referred to as a sectional
design.

A deep beam design must be treated differently than a sectional design
because the assumptions used to derive the sectional theory are no longer valid. A
deep beam is a member whose shear span-to-depth, a/d, ratio is relatively small
such that nonlinear shearing strains dominate the behavior. Typically, a region of
a beam with an a/d ratio less than 2.0 to 2.5 is considered to behave as a deep
beam; whereas, a region of a beam with a greater a/d ratio is assumed to behave
according to sectional principles. For example, the beam shown in Figure 2-1 has
an a/d ratio of approximately two to the right of the concentrated load and five to
the left of the load. The left side of the beam (Section A-A) contains a B-region
and stresses can be determined according to sectional methods. The right side of
the beam (Section B-B) is considered a deep beam region. Shear strains dominate
the behavior and beam theory cannot be used to determine the internal state of

stress.
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Figure 2-1. Stress trajectories in B-regions and near discontinuities (D-

regions).

Nonlinear strain distributions are often caused either by abrupt changes in
geometry or abrupt changes in loading. These regions of discontinuity are referred
to as D-regions (D standing for discontinuity or disturbance). An elastic stress
analysis suggests that the localized effect of a concentrated load or geometric
discontinuity will attenuate about one member depth away from the discontinuity
(St. Venant’s Principle). For this reason, D-Regions are assumed to extend one
member depth from the load or discontinuity. Figure 2-1 illustrates the location of
B-regions and D-regions in a typical simply supported beam loaded at a single
point.

Due to the nonlinearity of strains and inelasticity of concrete, a general
theory of behavior is complicated to derive in a D-region. As a result, designers
typically employ either empirically derived design methods or a hypothetical truss
model such as a strut-and-tie model (STM).

The theoretical background of STM is presented in Section 2.2. Specific
details related to the elements that form a truss model are presented in Section 2.3.
Next, a summary of current code provisions is presented in Section 2.4. Finally, a
historical background of the current design provisions is presented in Sections 2.5

and 2.6.



2.2

THEORETICAL BACKGROUND ON STRUT-AND-TIE MODELING

A strut-and-tie model idealizes the complex flow of stresses in a structural
member as axial elements in a truss member. The compressive stress fields are
resisted by concrete struts and the tensile stress fields are resisted by reinforcing
steel ties. Struts and ties intersect at regions called nodes. Struts, ties, and nodes
are the three elements that comprise a STM and they must be proportioned to
resist the applied forces. According to the lower bound theory of plasticity, the
capacity of a STM is always less than the structure’s actual capacity provided the
truss is in equilibrium and safe. A safe STM must have sufficient deformation
capacity to redistribute forces into the assumed truss elements, and the stresses
applied to the elements must not exceed their yield or plastic flow capacity.
Failure of a STM can be attributed to crushing of the struts, crushing of concrete
at the face of a node, yielding of the ties, or anchorage failure of the ties.

As an example, the loads supported by the beam shown in Figure 2-1 can
be supported by the determinate truss shown in Figure 2-2. The same truss model
is shown in Figure 2-3 with the concrete struts, nodes, and reinforcement drawn to
scale. In Figure 2-3, the portions of the beam not considered in the truss model
have been removed in order to illustrate the concept of a lower-bound solution.
For this particular example, a fraction of the original beam is considered to resist
the applied forces. If the laws of statics are satisfied and the materials do not
exceed their yield capacity, then the estimated strength of the STM is less than or

equal to the actual capacity of the beam.
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Figure 2-2. Strut-and-tie model: Simply supported beam supporting

concentrated load.
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Figure 2-3. Strut-and-tie model with truss elements drawn to scale.
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A STM is a powerful design tool as it is valid for any stable truss
configuration a designer chooses. However, the downfall of an STM can also be
attributed to its adaptability. There are no right or wrong solutions, but there are
good and bad choices that can be made in developing a solution. For example, if
the selected model varies substantially from the actual stress field, then the
structure must undergo substantial deformation in order to develop the poorly
assumed model. As a result, there is an increased chance that wide cracks could
form. According to Schlaich et al. (1987):

Doubts could arise as to whether the correct model has been chosen out of

several possible ones. In selecting the model, it is helpful to realize that

loads try to use the path with the least forces and deformations. Since
reinforced ties are much more deformable than concrete struts, the model

9



with the least ties is the best. Of course, it should be understood that there

are no unique or optimum solutions. Replacing a continuous set of smooth

curves by individual polygonal lines is an approximation and leaves ample

room for subjective decisions.

In developing a strut-and-tie model for a structure, the first step is to
calculate the reactions supporting the applied loads. For example, consider the
right side (deep beam portion) of the beam shown in Figure 2-1. Assume that the

point load is 100-kips and ignore the self-weight of the beam. According to

statics, 71-kips will flow to the right support and 29-kips to the left (i.e. 100 - %

=71). The right portion (i.e. deep beam portion) is illustrated in Figure 2-4.

(71kip)-2d

‘ 2d U 71kip

Figure 2-4. Step 1 for STM is calculation of support reactions.

For the next step, it is common to employ some type of linear elastic
analysis in order to visualize the flow of forces within the member; and align the
struts and ties according to the stress trajectories. Schlaich et al. (1987)
recommend aligning struts within £15° of the stress trajectories. In order to ensure
adequate deformation capacity to develop the steel stresses, the orientation of the
struts should not be excessively shallow. According to Ramirez and Breen (1991):

Large deviations from 45-degrees of the angle of inclination will demand

excessive strains in the reinforcement together with extremely wide crack

openings at failure. These diagonals must be [less than 65-degrees and

greater than 30-degrees].

10



Also, if pictures of the cracking pattern in a similar structure are available,
the location of the struts and ties can be arranged within the structure such that
struts follow the known crack patterns (MacGregor 2002).

Based on the aforementioned guidelines for laying out a truss model and
the stress trajectories shown in Figure 2-1, either a one-panel or two-panel truss is
an appropriate solution. These two options are presented in Figure 2-5. Notice that
the point load is divided into 71 and 29-kips for the sake of convenience.

However, the equilibrium of the model has not been changed.

29kip ., 20Kip
(71kip)-2d 7kipy2d  Eidd e =
( '-Q Y < 70N R
3 < N ~
N ~
N\ N
29Kkip 29kip 8
71ki
‘ ‘ 2d i
[ I 1
(b)

Figure 2-5. STM: (a) One-panel and (b) two-panel.

For an a/d ratio less than two, the transfer of shear predominantly results
from compressive stresses flowing directly from the load to the support (i.e. one-
panel truss model). For this type of behavior, the capacity of the beam is primarily
dependent on the compressive strength of concrete in the direct strut. The
transverse reinforcement (i.e. stirrups) has little influence on the shear strength. A
one-panel shear failure is illustrated in Figure 2-6 for a deep beam with an a/d

ratio equal to 1.2.

11
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Figure 2-6. Direct strut or one-panel shear failure (a/d = 1.2).

If the a/d ratio exceeds a value of two, the mechanism of shear failure is
better characterized as sectional shear rather than deep beam shear. The ability of
a structure to resist sectional shear is due to many attributes of the cross-section
including: the friction force along the inclined crack due to aggregate interlock;
the increased shear capacity of the confined compression region; dowel-action of
the horizontal reinforcement; and the tensile resistance of the vertical
reinforcement. The vertical reinforcement is a primary component that provides
the sectional shear resistance of a beam. After a diagonal crack has formed, the
vertical reinforcement is the main mechanism with which the structure transfers
shear stresses across the crack and to the support. Thus, the yielding of the
stirrups typically precedes a sectional shear failure. A two-panel strut-and-tie
model is akin to sectional shear behavior as the yielding of the vertical
reinforcement largely influences both. A two-panel truss failure is illustrated in

Figure 2-7 for a deep beam with an a/d ratio equal to 2.5.

12



o

Figure 2-7. Sectional or two-panel shear failure (a/d = 2.5).

When the a/d ratio is near two, the shear mechanism may be attributed to a
combination of both one and two-panel behavior. For example, consider the beam

with an a/d ratio equal to 1.85 presented in Figure 2-8.

Figure 2-8. Combination of one and two-panel behavior (a/d = 1.85).

Upon examination of the cracking pattern, a combination of a one and
two-panel model may be more appropriate. However, additional accuracy may not
necessarily benefit the designer given the additional complication. Ultimately, the
decision on which model to use is left to the discretion of the designer. According

to the principles of STM, either model will result in a safe solution.

13
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According to Kani et al. (1979), the transition in shear behavior between a
direct strut (one-panel) and sectional shear (two-panel) occurs at an a/d ratio of
2.5:

The graphs of the [shear capacity versus ald ratio] results seem to be

made up of two different functions of which a/d = 2.5 is the point of

intersection. There should be two totally different laws of failure
governing each region.

Therefore, a one-panel strut-and-tie model is used to evaluate all beams
tested as part of current and past experimental programs where a/d < 2.5. The
implication of using a one-panel model for a/d ratios up to 2.5 is discussed in
Chapter 6.

Once a truss model has been selected, the next step is to proportion its
elements (struts, ties, and nodes) accordingly. Details on these elements are

presented as follows.

Struts

Struts vary in shape depending on their location within a structure. Most
struts in a two dimensional STM are bottle-shaped. That is, they spread laterally
along their length. The lateral spreading of a bottle-shaped strut introduces tensile
stresses transverse to the strut. These tensile stresses could potentially cause
cracking along the length of the strut resulting in premature failure. Hence,
transverse reinforcement should be provided in order to control the cracking.
Often, bottle-shaped struts in an STM are idealized as prismatic. However, this
simplification does not eliminate the fact that the strut is, in actuality, still bottle-
shaped and at a risk of splitting longitudinally. Transverse reinforcement must be
provided. Prismatic struts exist in the compression zone of a beam’s flexural
region. Figure 2-9 illustrates bottle-shaped, prismatic, and idealized prismatic
struts found in a typical STM. Design guidelines for the proportioning of struts

are discussed in Section 2.3 .4.
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Bottle-Shaped Strut Prismatic Strut

\
\— Idealized Prismatic Strut

Figure 2-9. STM containing prismatic and bottle-shaped struts.

Ties
In general, reinforcing steel is placed at tie locations in an STM. The
reinforcement should be distributed so that its centroid coincides with the tie
location. Selection and placement of reinforcement for strength of a STM is
straightforward. Details such as bar spacing, distribution, and anchorage are
factors that deserve the most consideration when selecting and placing the
reinforcement. Design guidelines for proportioning and placing tie reinforcement

are presented in Section 2.3.5.

Nodal Zones
Nodes are named based on the nature of the elements that frame into them.
For example, the nodal zone where two struts and a tie intersect is referred to as a
CCT node (C stands for compression and T stands for tension). If more than three
forces intersect at a node, it is often necessary to resolve some of the forces to end
up with three resulting forces. The three types of nodes commonly used in a STM

are shown in Figure 2-10.
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CCC Node

\ CCT Node CTT Node J

Figure 2-10. Nodal zones typically employed in STMs.

Ideally, nodes may be proportioned so that the stresses on all faces are
equal. If the stresses are equal on all faces, the ratio of the area of the side face is
proportional to the applied force. In this case, the node is called a hydrostatic
node. Principal stresses are equal on all sides of a hydrostatic node; thus, shear
stresses do not exist within the node. However, the requirement of equal stresses
on all faces of a node is rarely realized in practice as the requirement is
impractical or too cumbersome to accomplish. Therefore, most nodal regions are
non-hydrostatic. Figure 2-11 illustrates the states of stress associated with

hydrostatic and non-hydrostatic nodes.
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Figure 2-11. Stresses on hydrostatic and non-hydrostatic nodes (Brown et al.

20006).

It is important to note that both hydrostatic and non-hydrostatic nodes are

idealizations of reality. That is, they are proportioning techniques that have been

established for ease and consistency when creating a truss model. The influence

that node type has on a strut-and-tie model is illustrated in Figure 2-12.
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Figure 2-12. Difference between hydrostatic and non-hydrostatic nodes as the

strut angle decreases.

Proportioning a hydrostatic node is a relatively straightforward procedure.
The size of a strut framing into a hydrostatic node is based on the stress
underneath the bearing plate. In other words, the stress at the back face and node-
to-strut interface is equivalent to the bearing stress, o, (Figure 2-11). As a result,
the dimensions of all three nodal faces are based on the bearing stress. As shown
in Figure 2-12, this procedure can result in an unrealistically large strut as the
strut angle becomes shallower.

It is well documented that the shear capacity of a beam decreases as the
a/d ratio increases. When hydrostatic nodes are used in a truss model, the strength
of a strut must be proportionally reduced as the a/d ratio increases in order to
counteract the struts increasing size. Contrarily, when non-hydrostatic nodes are
used, the dimension of the strut-to-node interface decreases slightly as the a/d
ratio increases, thereby accounting for the reduction in shear strength.

It is difficult to maintain hydrostatic nodal regions whose boundaries are
consistent with other beam details such as location of the longitudinal

reinforcement and flexural capacity. Non-hydrostatic nodes, on the other hand,
18
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are proportioned based on an established set of guidelines that considers these
additional beam details. As such, these conventional proportioning techniques are

presented as follows.

PROPORTIONING ELEMENTS OF A STM

The capacity of a beam as determined from a STM is inherently connected
to the proportions of the nodal regions. Procedures for proportioning nodes have
been well established by past researchers. These established sets of guidelines are
presented in Sections 2.3.1 through 2.3.3. For the sake of consistency, the
following proportioning techniques are used to evaluate all of the beams

contained in past and current experimental programs.

Proportioning a CCC Node
Refer to the CCC node shown in Figure 2-10. It has been magnified and is

presented approximately to scale in Figure 2-13.
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Ib

0291, 0.71l,
Bearing Face
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\\\v
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Strut-to-Node
S Interface

‘~.
~

0.71l, sin 6
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Figure 2-13. CCC Node.

For the beam shown in Figure 2-10, 71% of the applied load flows into the
right support and the other 29% is transferred to the left support. Therefore, when
proportioning the node, the length of the bearing face is set equal to 71% of the
bearing plate length, /,. The height of the back face, a, is assumed to be equivalent

to the depth of the equivalent flexural stress block obtained from a typical flexural
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analysis. Admittedly, assumptions used in a flexural analysis are not valid within
a D-region, especially for very low a/d ratios. However, the proportioning
procedure is well established in practice, and it is conservative. For a rectangular

beam, a is calculated according to Equation 2-1.

a= M Equation 2-1

0.85b,d

= Area of tension reinforcement, in’

A
A,”= Area of compression reinforcement, in’

b,= Web width, in.

f.”= Specified concrete compressive strength, psi
fi= Stress in tension reinforcement, psi

f.”= Stress in compression reinforcement, psi

The angle of the strut abutting the strut-to-node interface, 6, depends on
the truss configuration. Based on the length of the bearing plate and height of the
back face, the width of the strut-to-node interface, w,, is determined according to

the following equation:

w, =1 sinf+a-cos0 Equation 2-2
Where,

l,=  Length of bearing plate, in.

a=  Height of back face of node, in.

0= Angle of strut measured from the horizontal axis

Equation 2-2 is included in a figure of the ACI 318-08 code (ACI Figure
RA.1.6), but not in the body of the code itself. According to MacGregor (2002),
future code committees should consider adding such equations to the

Commentary.
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23.2 Proportioning a CCT Node
Refer to the CCT node shown in Figure 2-10. It has been magnified and is

presented approximately to scale in Figure 2-14.

Strut-to-Node
Interface

Back Face | i

ﬁ Bearing Face

Figure 2-14. CCT Node.

The bearing face of a CCT node has the same dimensions as the bearing
plate, /,. The height of the back face, w,, is taken as twice the distance from the
near face of the beam to the centroid of the tension reinforcement. Finally, the
angle of the strut abutting the strut-to-node interface depends on the truss
configuration. Based on the given dimensions, the width of the strut-to-node
interface, w,, is determined the same as it is for a CCC node (Equation 2-2).

233 Proportioning a CTT Node
Refer to the CTT node shown in Figure 2-10. It has been magnified and is

presented approximately to scale in Figure 2-15.
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Strut-to-Node
Interface
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Exterior Face

Figure 2-15. CTT Node.

Interior nodes, which are not bounded by a bearing plate, are often
referred to as smeared nodes. Forces from compressive struts spread, or smear,
and are equilibrated by multiple stirrups, or ties. Because a bearing plate does not
abut the node, a proportioning technique must be employed to determine the
extents of the exterior face, /,. The method that is employed for the current project
is that recommended by Wight and Parra-Montesinos (2003): the authors propose
that any stirrup that intersects an adjacent strut at an angle greater than 25-degrees

be engaged as part of the vertical tie of the CTT node (Figure 2-16).
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25°

Figure 2-16. Determination of CTT vertical tie.

According to Wight and Parra-Montesinos (2003), it is conservative to
assume that the exterior face, /,, of the CTT node is as wide as the distance
between the outermost stirrups included in the vertical tie.

The back face, w,, of the node is calculated the same way as for a CCT
node; twice the distance to the centroid of the tension steel, measured from the
near face of the beam. Finally, the angle of the strut coming into the strut-to-node
interface is based on the truss geometries. Based on the given dimensions, the

width of the strut-to-node interface, w,, is determined the same as for the CCC

and CCT nodes (Equation 2-2).

Proportioning a Strut

Struts can be prismatic or bottle-shaped (Figure 2-9). A prismatic strut
occurs within the compression zone of a beam’s flexure region, and it is designed
accordingly. Most struts are bottle-shaped and concentrate into the nodal regions.
Therefore, the highest stress that a strut must resist occurs at the location where
the strut and node abut one another, or the strut-to-node interface. Even if a strut
is idealized as prismatic, the highest stress occurs at the strut to node interface. As
such, the critical proportions of a strut are based on the nodal proportions. The
critical capacity of a strut is taken to be identical to the capacity of the node-to-

strut interface.
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Proportions and Placement of Tie Reinforcement

Ties shown in a strut-and-tie model are simple representations of tensile
stresses within a D-region. Proper placement of tie reinforcement is accomplished
by matching the centroid and direction of the reinforcement with the axis of the
tie in the truss model.

Tie details that deserve the most consideration are proper bar distribution,
spacing, and development. In order to develop the reinforcing steel, ties must be
properly anchored behind the nodal zones. Figure 2-17 illustrates the development

length of a typical tie.

Extended
Nodal Zone -

-

Development'Length

¥

Figure 2-17. Development length of a tie.

ACI 318 allows the development length to be measured from the
intersection of the extended nodal zone and the centroid of the bars, as shown in
Figure 2-17. For the sake of simplicity, the development length can
conservatively be taken from the edge of the bearing plate.

Proportioning nodes can be an iterative process. The size of the node is
dependent on beam details such as bearing plate size and reinforcement location.
It may be necessary to adjust beam geometry, reinforcement location, and bearing
plate size such that the stress applied to a nodal region is less than its nominal

capacity. Current STM design provisions: ACI 318-08 Appendix A; AASHTO

24



24

LRFD Bridge Design Specifications (2008); and fib Recommendations (1999) are

presented next.

CURRENT CODE PROVISIONS FOR STM

The design provisions that are examined for this research program are the
Building Code Requirements for Structural Concrete per the American Concrete
Institute (ACI 318-08), the Bridge Design Specifications per the American
Association of State Highway and Transportation Officials (AASHTO LRFD
2008 Interim), and the updated knowledge of the CEB/FIP 1990 Model Code per
the International Federation for Structural Concrete (fib 1999). The
recommendations of fib (1999) have been adopted by the European design
standard, Eurocode 2. The reason that the fib (1999) provisions are evaluated
rather than Eurocode 2 is because the fib (1999) provisions provide much more
detailed information in regard to their recommended strut-and-tie modeling
procedure.

The load carried by an element in an STM must be less than the capacity
of the element (Equation 2-3). This is the basic premise for all STM provisions.
The strength of an element in an STM is measured in terms of its effectiveness or
efficiency. An efficiency factor, v, is the ratio of the stress applied to an element at

failure and its concrete compressive strength.

F =F, Equation 2-3
Where,

F,=fo AL

Jee=v- 1.

A,.= Area of the face of a nodal zone, in’

F,= Nominal strength of a node face, kip

F,= Force acting on the face of a nodal zone, kip

f.”= Specified compressive strength of concrete, psi

f..= Effective concrete strength, psi
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v=  Efficiency factor

Efficiency factors as specified by ACI 318-08, AASHTO LRFD (2008),
and the fib (1999) are presented in Section 2.4.2. It is important to note that
differences exist between load, material, and strength reduction factors for the
codes mentioned. Therefore, in order to maintain clarity when evaluating
efficiency factors of different code provisions, reduction factors are not

considered in the comparisons.

Design of Struts

In order to ensure adequate deformation capacity to develop the forces in a
truss model, the orientation of a strut should not deviate excessively from 45-
degrees. According to ACI 318-08, the minimum strut angle should not be taken
as less than 25-degrees. Similarly, fib (1999) states that strut angles smaller than
30-degrees are unrealistic and involve high incompatibility of strains. AASHTO
LRFD (2008) allows any strut angle but accounts for the ineffectiveness of
shallow struts by reducing the efficiency factor accordingly.

ACI 318-08 and AASHTO LRFD (2008) designate a strut design separate
from a node design and concurrently assign separate efficiency factors. This area
of inconsistency is a source of confusion for designers when determining the
capacity of the node-to-strut interface. Contrary to ACI 318-08 and AASHTO
LRFD (2008), fib (1999) does not explicitly require the strut to be designed. fib
(1999) recognizes the fact that the critical stress in a strut occurs at the strut-to-
node interface. According to fib (1999):

Except for prismatic stress fields, the design strength of stress fields is, in

fact, very rarely needed in practice...Critical concrete stresses in D-

regions occur in the regions of concentrated nodes. These are...checked

with the node design.

For the purposes of comparison, the efficiency factors are presented in the

following section for the three faces of a nodal region. The efficiency factor
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assigned to a strut by ACI 318-08 and AASHTO LRFD (2008) is presented as the

efficiency of the node-to-strut interface.

242  Design of Nodes: Nodal Efficiency Factors
In an STM design, the stress applied to each face of a node is kept less
than its capacity. The capacity is taken as a fraction of its material strength. CCC
nodes are usually assumed to have the highest capacity because concrete is
subjected to biaxial or triaxial confining stresses. CCT and CTT nodes have
reduced capacities because tensile strains across the nodal region are thought to
reduce the compressive strength. Allowable stresses for nodal regions are listed in
Sections 2.4.2.1 through 2.4.2.3.
24.2.1 CCC Nodal Zone
The three nodal faces in a CCC region are illustrated in Figure 2-13. The
allowable capacities of the CCC nodal faces are presented in Table 2.1.

Table 2.1. Allowable Stresses for a CCC Node.

Node . . Reduction
Face Design Code Efficiency Factor Factor, ¢,
ACI 318 0.85-(1) =0.85 ¢, =0.75
Back AASHTO 0.85 ¢.=0.70
F !
2| fib (1999) 0.85- (1 . %o ksi) 4y, = 05"
ACI 318-08 0.85-(1) =0.85 ¢, =0.75
Bearing | AASHTO 0.85 ¢.=0.70
F !
A€ fib (1999 0.85- (1 Lo ksi) ay,= 05"
0.85:(0.75) = 0.64 when p > p,;,,""
ACI 31 =0.
Strut- C1318 0.85-(0.60) = 0.51 when p < p,,;,"" . =075
Node | AASHTO 0.85 ¢.=0.70
Interf: !
neertace = 1999y 0.85- (1— o ksi) ay,= 05"

fib (1999) includes a material variability factor, 0., embedded within their efficiency factor
expression. This factor varies depending on the strength of concrete (0.7 to 0.8 for 4000 to
7000-psi); it is not included as part of the efficiency factor for ease of comparison. An
argument can be made for expressing the efficiency factor differently; however, the overall
trend between code provisions will not be significantly affected.

Concrete compressive strength assumed to be 4000-psi.

% p, .. defined in Section 2.4 .4

it
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The back face and bearing face efficiency factors are the same for ACI
318 and AASHTO LRFD (i.e. 0.85). The fib (1999) factor is slightly lower and is
reduced as the compressive strength of concrete increases.

A stress check at the back face of a CCC node is essentially the same
procedure that is performed when checking a beam’s flexural capacity. The
maximum concrete compressive stress allowed for a flexural design is 0.85f.".
This is consistent with the efficiency factor allowed by ACI 318-08 and AASHTO
LRFD (2008).

Similarly, the stress check at the bearing face of a CCC node is the same
check that is conducted when determining the bearing capacity of concrete.
According to ACI 318-08 and AASHTO LRFD (2008), the bearing capacity of
unconfined concrete is equal to 0.85f.” This is consistent with the bearing face
efficiency factor.

Another trend to point out is that the efficiencies of all three faces in the
CCC nodal zone are identical according to the AASHTO LRFD (2008) and fib
(1999) provisions. The factor specified by ACI 318-08 is smaller at the node-to-
strut interface. A discrepancy exists when the efficiency factor is the same at all
three nodal faces: the capacity of a truss model will never be controlled by the
capacity of the strut-to-node interface. Depending on the angle of the strut
framing into the node, the stress at either the bearing or back face will be the most
critical (Figure 2-13 and 2-14).

24.22 CCT Nodal Zone
The three nodal faces in a CCT region are illustrated in Figure 2-14. The

allowable capacities of the CCT nodal faces are presented in Table 2.2.
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Table 2.2. Allowable Stresses for a CCT Node.

Node Design . Reduction
Face Code Efficiency Factor Factor, ¢,
ACI 318 0.85-(0.80) = 0.68 $.=0.75
Back | AASHTO 0.75 $.=0.70
F |
A€ fib 1999y 0.70- (1 . %0 ksi) ay.=0.5"
ACI 31808 0.85-(0.80) = 0.63 $.=0.75
Bearing | AASHTO 0.75 ¢.=0.70
F !
¢ fib 1999y 0.70- (1 . %o ksi) ay.=0.5"
0.85-(0.75) = 0.64 when p > pmin"
ACI 318 $.=0.75
. — it c
Strut. 0.85-(0.60) = 0.51 when p < P
1 _
Node | AASHTO ( A-S N 1703])5 0.85 . =0.70
Interface :
fib (1999)' 0.70- (1 . %o ksi) oy, =057

T fib (1999) includes a material variability factor, 0., embedded within their efficiency factor
expression. This factor varies depending on the strength of concrete (0.7 to 0.8 for 4000 to
7000-psi); it is not included as part of the efficiency factor for ease of comparison. An
argument can be made for expressing the efficiency factor differently; however, the overall
trend between code provisions will not be significantly affected.

"' Concrete compressive strength assumed to be 4000-psi.

T p.in defined in Section 2.4.4

" Refer to Section 2.5 for more details of the equation used to calculate AASHTO LRFD
interface efficiency factor.

The efficiency factors in the CCT nodal region are generally less than
those in the CCC region because transverse tensile stresses are present, resulting
in a reduction in the effective compressive strength of concrete. ACI 318-08
specifies the same efficiency factor at the node-to-strut interface in both the CCC
and CCT regions.

The stress that must be resisted by the back face of a CCT node can be
attributed to anchorage of the tie reinforcement, bearing from an anchor plate or
headed bar, or external indeterminacy such as occurs at an interior node over a

continuous support (Figure 2-18).
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E  Stress

Figure 2-18. Stress condition at the back face of a CCT node: (a) bonding
stress; (b) bearing of an anchor plate; (c) interior node over a continuous

support.

The effectiveness of the back face of a CCT node is dependent on the
stress condition. fib (1999) provisions recognize that the stress caused by the
bonding of an anchored bar [Figure 2-18(a)] are not critical and need not be
considered when evaluating the capacity of a CCT node. This fact is
acknowledged by Thompson et al. (2003). According to the researchers:

The philosophy of the current code provisions for determining the capacity

of CCT nodes may require reconsideration. The evidence from the tests
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shows that the failure of these nodes was primarily related to anchorage

and that the current stress limits for nodes were unrealistic. It is possible

that CCT nodes cannot fail in compression if anchorage of the tie bars is
sufficient. The stress limits imposed by the code provisions may be
unnecessary.

When the stress that is resisted by a CCT node is attributed to a condition
other than anchorage, fib (1999) recommends the efficiency factor presented in
Table 2.2 as follows:

In conclusion, it can be stated, that the concrete in the node [over an

interior support] is under biaxial compression, but the horizontal

compression is difficult to assess. On the other hand, tensile reinforcement
penetrates the node region and is anchored there to some extent.

Therefore, [the CCT bearing face efficiency] will again be applied here as

design node strength, the [the CCC bearing efficiency] might eventually

be considered.

ACI 318-08 and AASHTO LRFD (2008) provisions require that the stress
attributed to the anchorage of a tie be applied to the back face of the CCT node as
a concentrated force. The provisions do not distinguish between the stress

conditions illustrated in Figure 2-18.

24.23 CTT Nodal Zone
The three nodal faces in a CTT region are illustrated in Figure 2-15. The

allowable capacities of the CTT nodal faces are presented in Table 2.3.
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Table 2.3. Allowable Stresses for a CTT Node.

Node Design . Reduction
Face Code Efficiency Factor Factor, ¢,
Back ACI 318 0.85-(0.60) =0.51 ¢.=0.75
Face | AASHTO 0.65 $. =0.70
fib (1999)° NA -
Exterior ACI 318-08 0.85-(0.60) =0.51 ¢.=0.75
Face | AASHTO 0.65 $. =0.70
fib (1999)° NA -
0.85:(0.75) = 0.64 when p > pyin'™ _
Strut- ACISI8 0.85:(0.60) = 0.51 when p < pyin'" . =0.75
| . —
Inlt\i::'(:;ce AASHTO ( A-S N 1703])3 0.85 ¢, =0.70
fib (1999) 0.60- (1 . %O ksi) a./y.=0.57

T fib (1999) includes a material variability factor, O.., embedded within their efficiency factor
expression. This factor varies depending on the strength of concrete (0.7 to 0.8 for 4000 to
7000-psi); it is not included as part of the efficiency factor for ease of comparison. An
argument can be made for expressing the efficiency factor differently; however, the overall
trend between code provisions will remain unchanged.

"' Concrete compressive strength assumed to be 4000-psi.

T p.in defined in Section 2.4.4

" Refer to Section 2.5 for more details of the equation used to calculate AASHTO LRFD
interface efficiency factor.

In general, the efficiency factors specified for a CTT nodal region are less
than a CCT region due to the presence of additional tensile stresses. Again, ACI
318-08 specifies the same efficiency at the node-to-strut interface regardless of
the type of nodal region.

Similar to the back face of a CCT node, fib (1999) recognizes that the
back face and exterior face of a CTT node are typically not critical (provided bars
are anchored properly). According to fib (1999):

If... bars are distributed over a great length of the main reinforcement, as

is normally the case in beams, the node is of the “smeared” type and

needs not be checked in detail.

Schlaich et al. (1987) makes a similar point:
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Since D-regions usually contain both smeared and singular nodes, the
latter will be critical and a check of concrete stresses in smeared nodes is

unnecessary.

Design of Ties
The design strength of ties is straightforward. The maximum capacity of a
tie is simply taken as the specified yield strength of the reinforcement, f,.
The important factors to consider when detailing a tie are proper bar
distribution, spacing, and development length. Ties must be anchored behind the
nodal zones with a minimum amount of development length as previously

illustrated in Figure 2-17.

Minimum Transverse Reinforcement Requirements

A member designed using an STM must have sufficient deformation
capacity in order to redistribute stresses into the assumed truss model. Providing a
constant amount of transverse reinforcement is an efficient method for attaining
deformation capacity. In general, a minimum amount of transverse reinforcement
is required for both strength and serviceability. Reinforcement required for
strength is quantified based on the amount necessary to maintain the integrity of
the member after cracking has occurred. Reinforcement required for serviceability
is determined based on the distribution of cracking and allowable crack widths
desired under the action of service loads.

ACI 318-08 allows a designer to use unreinforced struts provided the
efficiency factor is reduced. If a higher efficiency factor is desired, a minimum
amount of transverse reinforcement is required. The amount is proportioned to act
as a tie across the strut. Figure 2-19 illustrates the transverse tensile stresses

developed in a bottle-shaped strut.
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Width used to compute A,
(a) (b)
Figure 2-19. Bottle-shaped strut: (a) cracking of a bottle-shaped strut; and
(b) strut-and-tie model of a bottle-shaped strut (ACI 318-08).

The ACI 318-08 requirement appears to be based on maintaining the
integrity of a strut; therefore, it can be inferred that the provision is a strength
requirement. According to ACI 318-08, §A.3.3:

...the axis of the strut shall be crossed by reinforcement proportioned to

resist the transverse tensile force resulting from the compression force

spreading in the strut. It shall be permitted to assume the compressive
force in the strut spreads at a slope of 2 longitudinal to 1 transverse to the
axis of the strut.

According to ACI 318-08, in lieu of the preceding requirement, a
minimally reinforced strut may contain the amount of reinforcement specified in

Equation 2-4 and illustrated in Figure 2-20.

p. =2 bAXi sina, =0.003 Equation 2-4

- 5.

5" Si
Where,
A,;= total area of surface reinforcement at spacing s; in the i-th layer
crossing a strut, with reinforcement at an angle «; to the axis of the
strut, in’
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b.=  width of strut, in.

s;=  center-to-center spacing of reinforcement of the i-th layer adjacent
to the surface of the member, in.

a;,= angle between the axis of a strut and the bars in the i-th layer of

reinforcement crossing that strut

pL = ratio of reinforcement perpendicular to the axis of the strut
o o /'
./‘
/
/
1 KAxis of strut
4 < ( 3
7 ay
/ X
/ ! N~ Ast S
./‘
7
A%
] = . 9
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Figure 2-20. Reinforcement crossing a strut (taken from ACI 318-08).

If reinforcement is placed in orthogonal, evenly spaced grids and the strut
is orientated at a 45-degree angle, the amount specified in Equation 2-4 is
equivalent to 0.2% in each direction. Note, ACI 318-08 STM provisions do not
specify a maximum spacing for the stirrups. Also, providing all of the
reinforcement in a single transverse direction will satisfy the requirements of the
provision. This may be an undesirable solution.

AASHTO LRFD (2008) §5.6.3.6 contains the following crack control
provision regarding minimum reinforcement and maximum spacing:

Structures and components...except for slabs and footings...shall contain

an orthogonal grid of reinforcing bars near each face. The spacing of the
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bars shall not exceed 12 in. The ratio of reinforcement area to gross

concrete area shall not be less than 0.003 in each direction. [i1.e. 0.3%]

fib (1999) recommends the following minimum amount of reinforcement;
they do not specify a maximum bar spacing:

...0.2% of the concrete cross-section in both orthogonal directions. These

reinforcements... are arranged on both faces (0.1% for each face).

There is a discrepancy between the different provisions regarding the
method used to calculate the percentage of horizontal reinforcement. The
percentage specified in ACI 318-08 is based on bar spacing while the percentage
specified by fib (1999) and AASHTO LRFD (2008) is based on the total cross-
sectional area. This can result in a substantial difference. Take for example, the
beam illustrated in Figure 2-21. The horizontal reinforcement ratio according to
ACI 318-08 is 0.45%; according to AASHTO LRFD (2007) and fib (1999), the

ratio of reinforcement for the same beam is 0.28%.

y’ 21”
—|@T oo o009 A A 2:(0.31in%)
A 98" Phaci= ——— =0.0045
#5 Bar—\\ v ' - (6.6in)-(21in)
[ H—A
- 6.6”
> , 41— 8-(0.31in2) 0.0028
» i p — —. I - .
2 188" |42 TadRe  (42in)-(21in)
) i M—A
§ ) : _}{6.6
v ) Distribute horizontal reinforcement
12.4 within effective area

b

Figure 2-21. Horizontal reinforcement ratio calculated per ACI 318-08 vs.

AASHTO LRFD (2007) and fib (1999).

For the sake of consistency, the horizontal reinforcement ratio used
throughout the current research program is calculated based on the bar spacing

(i.e. method employed by ACI 318-08). Based on a suggestion from a senior
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TxDOT Bridge Engineer (communications with Dean Van Landuyt, 2006), it is
recommended that the horizontal reinforcement be distributed vertically across
the effective area shown in Figure 2-22. The extents of the area are based on the
vertical projection of the strut. There is not a need to distribute the horizontal
reinforcement in the compression zone of the beam or in the region defining the
horizontal tie. Rather, the horizontal transverse reinforcement should be placed to

control the cracks that form within the strut as shown in Figure 2-22.
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Figure 2-22. Effective height to use for the distribution of horizontal

reinforcement.

Table 2.4 summarizes the minimum reinforcement requirements for ACI
318-08, AASHTO LRFD (2008), and fib (1999). Differences in the reinforcement
requirements are discussed within a historical context in Sections 2.5 and 2.6.
Section 2.5 presents a historical timeline of shear design provisions and their
evolution in the U.S. Section 2.6 presents background information for the current
STM design provisions found in ACI 318-08, AASHTO LRFD (2008), and fib
(1999).
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2.5

Table 2.4. Minimum Reinforcement Requirements

. - Minimum Reinforcement Maximum
Design Provision . .
Requirement Spacing
ACI 318 E(pvcos9+ p, sin6)=0.3% No Limit
AASHTO LRFD p,=20.3% and p, =0.3% 12-inches
fib (1999) p,=202% and p, =0.2% No Limit

HISTORIC DEVELOPMENT OF SHEAR PROVISIONS

In 2002, Appendix A, Strut-and-Tie Modeling provisions were added to the
ACI 318 building code. The chapter was introduced as a method for designing
deep beams or other regions of discontinuity. Prior to 2002, deep beams were
designed for shear based on an empirically derived formula. The evolution of
these empirical shear provisions is presented next. The purpose of presenting the
history of shear is to provide insight into current STM provisions.

Before 1963, provisions specific to the design of deep beams did not exist.
Until that time, deep beams were most likely designed based on the prescriptive
requirements specified for a wall design. These requirements can be traced back
to the 1910 standard. In 1910, the National Association of Cement Users (NACU
1910) listed the following requirement for the design of concrete walls.

Concrete walls must be reinforced in both directions. The maximum

spacing of reinforcing bars shall be 18 inches... Total reinforcement shall

not be less than one-fourth of one percent [0.25%].

This provision remained essentially unchanged until 1956. In the 1956
version of ACI 318, the minimum reinforcement ratio for walls in the vertical
direction was reduced from 0.25% to 0.15% (ACI 318-56). The reason for the
change is most likely due to the addition of a minimum reinforcement provision
for beams. Based on advancements in shear research, the minimum amount of
transverse web reinforcement for typical beams resisting shear was found to be
0.15%. Subsequently, a provision limiting the minimum amount of web

reinforcement to 0.15% made its first appearance in Section 807-Minimum web
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reinforcement. Therefore, it can be assumed that the minimum reinforcement
provision was changed in Section 7111-Reinforced concrete walls in order to
provide consistency between the two sections.

In 1963, the first provision specific to the design of deep beams appeared
in the ACI 318 specifications. ACI 318-63 contains the first definition of a deep
beam and explicitly requires a minimum amount of reinforcement. According to
the requirements of ACI 318-63, deep beams are to be designed as follows:

Beams with depth/span ratios greater than 2/5 for continuous spans, or

4/5 for simple spans shall be designed as deep beams taking account of

nonlinear distribution of stress, lateral buckling, and other pertinent

effects. The minimum horizontal and vertical reinforcement in the faces
shall be the same as in 2202(f) [0.25% and 0.15% respectively].

Suggestions for the design of deep beams were based on recommendations
from Chow et al. (1952). These studies determined the non-linear stress
distribution in a deep beam based on a finite element analysis of a homogenous
material. The researchers recognized the fact that concrete is a non-homogenous
material. However, according to Chow et al. (1952), a rigorous theoretical
analysis of the stresses in such beams is hardly feasible. As a result, Chow et al.
(1952) recommended providing sufficient steel reinforcement in the tensile zones
to convert the beam, as closely as possible, to a homogenous beam. The
requirement in ACI 318-63 for the minimum amount of horizontal and vertical
web reinforcement was taken to be the same as that required for walls based on
the conventional construction practice at the time. According to the ACI 318-63
Commentary:

The empirical requirements [for walls] have been changed little since first

presented in 1928 and have resulted in satisfactory construction.

In 1971, entirely new provisions were included in the ACI code for the

design of deep beams (ACI 318-71). Similar to a sectional shear design, the
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nominal shear strength of a deep beam was taken as the sum of the concrete and

steel contributions (Equation 2-5).

vV, =V, +V, Equation 2-5

Where,

v, = (3.5 ~235 yd)(1 94/f.' +2500p, 4

d
u MM

l

1%

lﬂ n
=Avfiv 1+E +Avhf:V 11—3
T | 12 | b, | 12

area of shear reinforcement within a distance s,, in®
area of shear reinforcement within a distance s,, in®
ratio of main tensile reinforcement to b, d

applied design moment at the critical section, in.-1b
applied design shear at the critical section, 1b
specified compressive strength of concrete, psi
specified tensile strength of reinforcement, psi
distance from extreme compression fiber to centroid of tension
reinforcement, in.

web width, in.

center-to-center spacing of vertical reinforcement, in.

center-to-center spacing of horizontal reinforcement, in.

The concrete contribution, v,., contains two terms in parentheses. The

second term is the empirical formula for the diagonal cracking strength of

concrete; the same equation that is used to this day for a sectional shear design.

The first term provides an increase in shear strength above the diagonal cracking

strength for an a/d ratio less than 2.0 and shall not exceed 2.5. According to ACI-
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ASCE Committee 426 (1973), this equation is based on the work by Crist (1966,
1967), and de Pavia and Siess (1965).

The derivation of the web reinforcement contribution, v, is based on the
shear friction capacity of the beam along the inclined crack. The shear friction
equation is not normally applied to sections where there is a significant moment.
However, for deep beams, there is significant shearing action along the critical
inclined crack (ACI-ASCE 426-73). Normal forces on the inclined crack are
developed by tension in the web reinforcing, and the tension in the web
reinforcing is developed by the slip along the crack. If all of the web
reinforcement is assumed to have yielded at ultimate load conditions, then the
resistance can be derived based on the orientation and location of the
reinforcement along the crack. Crist (1967) simplified the derivation of v, based
on a lower bound of test data. He expressed the trigonometric terms associated
with crack inclination and the shear span in terms of overall span, /,, and depth, d;
resulting in the expression eventually adopted by ACI 318-71 (Equation 2-5).

The minimum requirement for horizontal and vertical web reinforcement
remained unchanged from previous codes (0.25% and 0.15% respectively).
However, a maximum spacing requirement was added (d/5 or 18-inches and d/3
or 18-inches in the horizontal and vertical directions, respectively).

The deep beam shear provisions remained essentially unchanged until the
release of the 2002 version of the ACI 318 code (ACI 318-02). In 2002, the
empirical deep beam shear equation (Equation 2-5) was completely removed from
Chapter 11 and replaced with the following provision.

Deep beams shall be designed using either a nonlinear analysis... or

Appendix A [Strut-and-Tie Models]

The minimum amounts of horizontal and vertical web reinforcement were
interchanged with one another (0.15% and 0.25% respectively) because tests have
shown that vertical shear reinforcement is more effective than horizontal

reinforcement. Also, the maximum spacing was reduced to d/5 or 12 in. for both
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2.6

directions because this steel is provided to restrain the cracks (ACI 318-02).
However, in lieu of the aforementioned minimum reinforcement and spacing
requirements:

It shall be permitted to provide reinforcement satisfying A.3.3 [Section

24.4] instead of the minimum horizontal and vertical reinforcement

specified [in Chapter 11].

In summary, the Deep Beam section of the ACI 318 provisions (Chapter
11) requires a minimum amount of horizontal and vertical reinforcement; either
by a prescriptive requirement (0.15% and 0.25%) or by the amount required in
Section A.3.3. However, Section A.3.2 allows the use of unreinforced struts. This
area of inconsistency is a point of confusion among designers and is addressed
further within this research project.

The deep beam provisions in the current version of the ACI 318 code
(ACI 318-08) have remained essentially unchanged since 2002. Next, a review of
the background of STM procedures, including provisions specific to the current

research program is presented.

HISTORIC DEVELOPMENT OF STRUT-AND-TIE MODEL PROVISIONS

The concept of idealizing reinforced concrete members using a truss
model dates back to the end of the nineteenth century. In 1899, Wilhelm Ritter
suggested a truss mechanism to explain the role of transverse reinforcement in
resisting shear of a beam. Morsch later refined Ritter’s model in 1902. After 1927,
truss modeling fell out of favor in the United States when Richart proposed a
sectional method of shear design in which the concrete and steel contributions to
shear strength were calculated independently (Brown et al. 2006).

In 1971, Lampert and Thiirlimann developed a three-dimensional space
truss to explain the combined actions of shear and torsion. Their torsion model
was further refined by Mitchell and Collins (1971) and Ramirez and Breen (1983)

so that the space truss could account for all combinations of shear, bending,
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torsion, and axial loadings. Vecchio and Collins (1982) took the theory of
plasticity a step further and derived the modified compression field theory — taking
into account the deformation compatibility of the truss model. At this time, truss
modeling re-emerged in American design standards. Based on the experimental
program by Rogowsky et al. (1986), Rogowsky and MacGregor (1986) developed
the plastic truss theory. This theory is an extension of the plasticity theory
presented by Nielson et al. (1978) and Thiirlimann (1978). At the same time,
Marti (1985) and Schlaich et al. (1987) extended the truss modeling approach to
overall discontinuity regions with a strut-and-tie modeling approach.

The STM provisions in the ACI 318-08 code are largely attributed to the
work conducted by Rogowsky and MacGregor (1986), Ramirez and Breen
(1991), Bergmeister et al. (1993), Schlaich et al. (1987), and Marti (1985).
AASHTO LRFD (2008) provisions are based on the modified compression field
theory (MCFT) proposed by Vecchio and Collins (1986). fib (1999)
recommendations can be traced to the research conducted by Nielson et al. (1978)
and Bergmeister et al. (1993). A summary of previous research findings is

presented in Sections 2.6.1 through 2.6.3 .

2.6.1 Behavior of Struts (Strut-to-Node Interface)
There is a tremendous amount of research that has been conducted to
determine the efficiency of concrete at the strut-to-node interface and numerous
efficiency equations have been proposed. For detailed information on research

programs that focused on the efficiency of a strut, refer to Brown et al (2006) and

ACI 445R-99.

2.6.1.1 ACI 318-08 Strut Efficiency Factors
MacGregor (2002) presents a summary of the background of the
efficiency factors ultimately selected by ACI 318-08 (Table 2.1, Table 2.2, and
Table 2.3). According to MacGregor (2002):
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...the values of the f., [effective concrete capacity] presented in the ACI
Code were chosen to satisfy four criteria: Simplicity in application; Compatibility
with tests of D-regions; Compatibility with other sections of ACI 318;
Compatibility with other codes or design recommendations.

Because these four criteria lead to different values of f.

“. Jor a given
application, judgment was required in selecting the values of f.,. The [values] are
generally higher than those from other codes because more weight was given to
[compatibility with the ACI Code and tests of D-regions] than was given to other
codes.

ACI 318-08 efficiency factors at the strut-to-node interface are attributed
to the research conducted by Rogowsky et al. (1986), Ramirez and Breen (1991),
Bergmeister et al. (1993), Schlaich et al. (1987), and Marti (1985). A summary of

their findings is presented in Sections 2.6.1.1.1 through 2.6.1.1.5.

2.6.1.1.1 Rogowsky and MacGregor (1986)

Rogowsky and MacGregor (1986) based their recommendations on an
experimental program conducted by Rogowsky et al. (1986). The researchers
tested 7 simply supported and 17 two-span continuous beams with various
vertical and horizontal reinforcement ratios. They found that beams with
significant amounts of vertical reinforcement were ductile and had consistent
failure loads. The researchers recommended that the capacity of the stirrups
crossing the diagonal of the shear span be greater than 30% of the applied shear
force.

Also, Rogowsky and MacGregor (1986) observed that the selection of the
truss model was more important than the selection of an efficiency factor. If the
selected truss differs excessively from the elastic distribution of stresses, full
redistribution may not occur and the truss may fail prematurely, giving the
appearance of a low efficiency factor. For general use, they recommended the

following efficiency factor.
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v=0.6 Equation 2-6
Finally, the researchers recommended a minimum strut angle similar to

that recommended by Thiirlimann (1978) and Ramirez and Breen (1991).
25°<0<65°

2.6.1.1.2 Ramirez and Breen (1991)
Ramirez and Breen (1991) proposed a modified truss model that
recognizes that concrete efficiency decreases as compressive strength increases.

The strut efficiency factor that they recommended is expressed as follows:
30

V=ﬁ

Values range between 0.55 and 0.34 for 3000 to 8000-psi concrete. A

Equation 2-7

comparison between the Ramirez and Breen (1991) recommendations and the

current ACI 318-08 provisions is presented in Figure 2-23.

2.6.1.1.3 Bergmeister, Breen, Jirsa, and Kreger (1993)

Bergmeister et al. (1993) proposed the following efficiency factors. The
researchers based the expression on a large number of test results. Also, they
recognized that efficiency decreased as the compressive strength of concrete
increased. The efficiency factor values range between 0.8 and 0.42 for 3000 to

8000-psi concrete (Equation 2-8 and Figure 2-23).

v= 08v, if f'.=4000psi Equation 2-8
0251 . . .
09-——|v 4000 ' <10,000 psi
0902 v, i 4000751 . <10.000p

0.65v,, if f'.=10,000psi
Where,
v,,= 0.6 for compression diagonals (i.e. CCC and CCT strut-to-node
interface)

1.0 otherwise (i.e. CCC and CCT back and bearing face)
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A comparison between the Bergmeister et al. (1993) recommendations and

the current ACI 318-08 provisions is presented in Figure 2-23.
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Figure 2-23. Comparison of strut efficiency factors: ACI 318-08

2.6.1.1.4 Marti (1986)

Based on comparisons with experimental research, Marti (1986) suggested
that the following efficiency factor be used.

v=06 Equation 2-9

Marti suggested this value as a first start. The efficiency factor may then
be decreased or increased depending on details such as presence of distributed
reinforcement or lateral confinement. Marti (1986) also pointed out that
distributed minimum transverse reinforcement contributes significantly to the

ability of a deep beam to redistribute internal forces after cracking.

2.6.1.1.5 Schlaich, Schifer, and Jennewein (1987)
Sclaich et al. (1987) proposed that the efficiency factor reflect the fact that
the strength of concrete is dependent on the multi-axial state of stress and on

disturbances from cracks and reinforcement. The researchers stated that
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confinement was favorable and could be provided by transverse reinforcement or
by bulk concrete surrounding a relatively small compression field. They further
stated that transverse tensile stresses were detrimental to the efficiency. For
reasons of practicality, the researchers recommended the following efficiency
factors:

v=0.850,

Where,

v = 0.85,,=1.0), for undisturbed, uniaxial state of
compressive stress (CCC bearing and back
face).

0.68, (B3, =0.9), nodal regions where tension bars are
anchored or crossing (CCT nodal regions).

0.51,(B, = 0.6), if tensile strains result in cracking skewed to
the strut (CTT nodal regions).

0.34,(8,=04), for skewed cracks with extraordinary crack
width.

The recommendations proposed by Schlaich et al. (1987) are very similar

to the efficiency factors adopted by the ACI 318-02 code.

2.6.1.2 AASHTO LRFD Strut Efficiency Factors: MCFT

The strut efficiency factors specified in the AASHTO LRFD (2008)
specifications are based on the Compression Field Theory developed by Mitchell
and Collins (1974) and, later, the Modified Compression Field Theory developed
by Vecchio and Collins (1986). Vecchio and Collins (1986) suggested that the
maximum compressive stress that concrete can resist reduces with the increase of
cracking parallel to the compressive stress field. As a result, the stress limit
recommended by Vecchio and Collins (1986) accounts for the principle tensile
strain perpendicular to the axis of the strut. According to AASHTO LRFD (2008),

the effective compressive strength of a strut is calculated as follows.
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fe - ‘ .
=—2 " <085f. Equation 2-10
Ja 0.8+170-¢, / 1

Thus, the efficiency factor is expressed as follows:

1

ve— <085
0.8+170¢,

In which,

g =¢, + (g, +0.002)cot’ a,

Where,
a,= the smallest angle between the compression strut and adjoining
tension tie, degrees
e, = the tensile strain in the concrete in the direction of the tensile tie
f.'= specified compressive strength of concrete, psi

The tensile strain in concrete, €, is attributed to the tensile strain in the
adjacent tie. Thus, the efficiency factor diminishes in tension regions (CCT or
CTT nodal regions). Also, due to equilibrium with the strut, the tie force increases
as the strut becomes shallower. As a result, the tensile strain term increases for
shallow struts; further reducing the efficiency factor.

In general, practitioners have reservations when it comes to calculating the
tensile strain in concrete, &, as the calculation is a somewhat tedious iterative
process. The tensile strain in concrete may be estimated by dividing the tensile
stress in the tie by the modulus of elasticity of steel However, the force in the tie
depends on the compressive force in the strut This is turn depends on the
efficiency factor. Hence, the calculation for the force in the strut, efficiency
factor, and force in the tie must be reiterated until the values converge at a
solution.

The AASHTO LRFD (2008) expression for strut efficiency has been
derived by using hydrostatic nodes. Struts that are bounded by hydrostatic nodes
increase proportionally with the a/d ratio (Figure 2-12). As a result, as the a/d

ratio is increased, the efficiency factor must proportionally decrease in order to
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counteract the increasing strut width. However, AASHTO LRFD (2008)
§5.6.3.3.2 recommends the use of non-hydrostatic nodes. If non-hydrostatic nodes
are used — as they typically are — then the STM capacity is reduced by both the
diminishing efficiency factors and the diminishing strut width. Therefore, when
non-hydrostatic nodes are employed, the efficiency of the strut-to-node interface
is essentially penalized twice, possibly resulting in an overly conservative

estimation of capacity.

2.6.1.3 fib (1999) Strut Efficiency Factors

2.6.2

fib (1999) provisions do not recommend separate stress checks between
nodal zones and struts. They recognize the fact that the critical stress in a strut
occurs at the node-to-strut interface. fib (1999) recommends using the same
efficiency for all faces of a nodal region. Therefore, a background to the fib

(1999) provisions is presented with the nodal zone efficiencies in Section 2.6.2.3.

Behavior of Nodal Zones

Few researchers distinguish between the efficiency of a strut or node.
Typically, concrete efficiency is specified based on the degree of cracking, state
of stress, or tensile strain within a compression field. However, the efficiency
factors specified in ACI 318-08, AASHTO LRFD (2008), and fib (1999) are
specific to individual elements (i.e. nodes and struts). This is primarily due to the
fact that the degree of cracking and tensile straining are difficult to quantify from
a designer’s perspective.

In addition to the aforementioned design standards, it is of interest to
examine the efficiency factors proposed by Brown et al. (2006) as part of TxDOT
Project 4371. Project 4371 was the predecessor to the current project. A
background of the development of nodal efficiency factors is presented as

follows.
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2.6.2.1 ACI 318-08 Nodal Efficiency Factors
The efficiency factors contained in ACI 318-08 are based on other
sections of the ACI code, other codes, and experimental research. The efficiency
factors that were adopted by ACI 318 are similar to those suggested by Schlaich
et al. (1987) (Section 2.6.1.1.5); it can be assumed that they were selected
accordingly. Also, MacGregor (2002) cites research conducted by Barton et al.
(1991) as contributing to the nodal efficiency factors that were eventually

selected.

2.6.2.1.1 Barton, Anderson, Bouadi, Jirsa, and Breen (1991)
Barton et al. (1991) conducted tests of ten isolated CCT and nine CTT

nodal zones. Details of the isolated node specimens are shown in Figure 2-24.
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Figure 2-24. Details of Isolated Node Specimens.

The researchers found that the ultimate strength of the CTT specimens
was governed by yielding of the ties. Therefore, anchorage and reinforcement
details had more of an impact on design strength rather than the efficiency factor.

Effective strength limits proposed by Schlaich et al. (1987) and Mitchell

and Collins (1974) were found to be conservative. Six of the CCT specimens
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experienced anchorage failures; the others failed due to the crushing of concrete at
the support plate. Research conducted by Barton et al. (1991) indicated that an
efficiency factor of 0.94 could be developed if reinforcement is properly detailed

(MacGregor 2002).

2.6.2.2 AASHTO LRFD (2008) Nodal Efficiency Factors
The efficiency factor at the node-to-strut interface is based on the MCFT
and described in detail in Section 2.6.1.2. At the CCC and CCT bearing and back
face, the AASHTO LRFD (2007) nodal efficiency factors are similar to those
selected by ACI 318-08. It can be assumed that they were selected in a similar
fashion [i.e. per Schlaich et al. (1987)].

2.6.2.3 fib (1999) Nodal Efficiency Factors
Nodal efficiency factors suggested by fib (1999) are similar to those
recommended by Nielson (1978) and Bergmeister et al. (1993). Both researchers
recognize the fact that the efficiency of concrete decreases as its compressive

strength increases.

2.6.2.3.1 Nielson (1978); Bergmeister, Breen, Jirsa, and Kreger (1993)
According to Bergmeister et al. (1993), Nielson (1978) developed the

following empirical expression for the strength of concrete in beam webs.

v=07-—Je
29,000 psi

Equation 2-11
Bergmeister et al. (1993) expanded upon Nielson’s recommendation by
developing efficiency factors for both undisturbed and disturbed regions (i.e.
cracked and uncracked regions). The factors recommended by Bergmeister et al.
(1993) for nodes are the same as those listed for struts (Equation 2-8). According
to the researchers, when compared with a large number of test results the function
gave acceptable results. The Nielson (1978) and Bergmeister et al. (1993)
efficiency factors are presented along with those adopted by fib (1999) in Figure

2-25.
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Figure 2-25. Comparison of nodal efficiency factors: fib (1999)

TxDOT Project 4371 Nodal Efficiency Factors: Brown et al. (2006)
Brown et al. (2006) examined both STM and sectional design methods for
shear. As part of the experimental program, the researchers fabricated and tested a
series of isolated strut specimens, and three series of deep beam specimens.
Additionally, Brown et al. (2006) compiled a database of over 1200 shear tests.
The database was used in combination with the experimental program to evaluate

design expressions and develop a new strut-and-tie modeling procedure.
Brown et al (2006) recognized that the critical location of a strut is at the
strut-to-node interface. The researchers recommend limiting the strength of

concrete within a nodal zone according to the following efficiency factors:

27
Vp=—F7F7—==<V,
R %I\/f_‘c
VP = L = Vmax
YT

Where,

Equation 2-12
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Vo = 0.85 for a CCC Node
0.75 for a CCT Node
0.65 for a CTT Node

The higher value of efficiency factor, vy, is to be used for struts that are
sufficiently reinforced per Equation 2-14 (Section 2.6.3.2). When examining the
effect of their proposed efficiency factors, the researchers found that 95% of the
beams in their database carried loads in excess of the calculated values.

Brown et al. (2006) derived the proposed efficiency factors assuming the
beams in the database contain hydrostatic nodes. When non-hydrostatic nodes are
used, the researchers recommended the following conversion factors:

v, = (1.0)vy, Bearing face of node Equation 2-13

v, = b Vg, Back face of node
w, - tan

[ )
v, = |—=>2—1|v,, Node-to-strut interface
w, - sin6

w Width of the strut-to-node interface (Equation 2-2), in.
w,=  Height of the nodal back face, in.
0

= Angle of strut with respect to horizontal plane, degrees

Given that the method was derived using hydrostatic nodes, the Brown et
al. (2006) STM procedure may be unnecessarily conservative when non-
hydrostatic nodes are used. A goal of the current project is to refine the method
proposed by Brown et al. (2006) by evaluating design provisions through the use

of non-hydrostatic nodes.

2.63 Minimum Transverse Reinforcement
As previously stated, the minimum amount of reinforcement required by

ACI 318-08 and fib (1999) is approximately 0.2% in each direction. AASHTO
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LRFD (2008) requires 0.3% in each direction. AASHTO LRFD (2008) explicitly
states that the minimum reinforcement requirement is necessary for crack control.

It is difficult to find a derivation for the minimum reinforcement
requirement prescribed by the different design provisions. Research that has
examined the requirement is not often cited. Most likely, it is a product of the
rules of thumb used since the early 20" century. Nonetheless, a study cited by
MacGregor (2002) was used to validate the ACI 318-08 minimum reinforcement
requirement. MacGregor (2002) cites the research conducted by Rogowsky
(1983).

2.6.3.1 ACI 318 Minimum Transverse Reinforcement, MacGregor (2002),
Rogowsky (1983)
In order for a strut to be considered minimally reinforced, ACI 318-08

requires that Equation 2-4 be satisfied (restated for the convenience of the reader):

Eisinai >0.003
b-s

The purpose of the equation is to provide a minimum percentage of tie
reinforcement normal to the axis of the strut, thereby resisting the spreading of
compressive stresses. Thus, the intent of Equation 2-4 is the resolve the
components of the transverse reinforcement into a reinforcement ratio normal to
the strut. However, from a geometric standpoint, Equation 2-4 is not correct. The
sine term should be squared to correctly represent the stress components of the
reinforcement. According to MacGregor (2002), it has been expressed as shown
to simplify the presentation.

Also, according to MacGregor (2002), tests conducted by Rogowsky
(1983) indicate that a vertical reinforcement ratio of at 0.35% is necessary for a
two span continuous beam to reach its full plastic load capacity. In these tests, the
strut angle was equivalent to 55-degrees. Therefore, according to Equation 2-4,
the steel area was equivalent to 0.29% of the strut cross section (i.e.

0.0035 - sin55° =0.0029).
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Based on the findings of the researchers, it can be assumed that the ACI
318-08 requirement was calibrated to promote the yielding of the longitudinal

steel before the onset of a shear failure.

2.6.3.2 TxDOT Project 4371 Min. Transverse Reinforcement: Brown et al. (2006)
Of interest to the current research program is the minimum transverse
reinforcement proposed by Brown et al. (2006) as part of TxDOT Project 4371.
Brown et al. (2006) derived the amount of reinforcement required in a strut
completely on the basis of strength. They determined the amount of reinforcement
required to maintain equilibrium as the compressive stresses disperse transversely.
Based on the derivation, the minimum required amount of transverse

reinforcement is calculated as follows.

k-v-f'.-A sin0

P min = fobdm Equation 2-14
Where,
A,= minimum cross sectional area of the strut, in2
b= web width, in.
d=  distance from extreme compression fiber to centroid of
longitudinal reinforcement, in.
f.'= specified compressive strength of concrete, psi
f,=  specified tensile strength of reinforcement, psi
k, non-hydrostatic node conversion factor (Equation 2-14)
m = slope of the dispersion of compression
0 =  angle of strut respective to horizontal, degrees
v=  strut efficiency factor

According to the researchers, the minimum reinforcement requirement
depends on the strength of the strut and will vary depending on which efficiency

factors are used. The researchers stated that additional reinforcement might be
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2,64

necessary to reduce crack widths. However, additional reinforcement would not
reduce the level at which the first diagonal crack occurs.

According to Brown et al. (2006): based on a database of 1200 specimens,
a minimum transverse reinforcement ratio of approximately 0.15% in each
direction is sufficient to maintain equilibrium across the inclined crack. However,
in keeping with the crack control requirements of the ACI 318 code, the
researchers recommended that the minimum transverse reinforcement ratio be
greater than or equal to 0.3% of the area of the inclined strut.

A background of the ACI 318-08, AASHTO LRFD (2008), and fib (1999)
provisions has been presented. Next, a background on previous research specific
to the objectives of the current project is presented. These objectives include the
influence of distributed transverse reinforcement across the web, and the

influence of triaxial confinement of the nodal regions.

Distribution of Transverse Reinforcement across the Web

According to the Commentary of ACI 318-08 (§ R11.5.7):

Research has shown that shear behavior of wide beams with substantial

flexural reinforcement is improved if the transverse spacing of stirrup legs

across the section is reduced.

The preceding recommendation only appears in the Commentary of the
ACI 318-08 specifications; within the portion that includes sectional shear design
provisions. Within the main body of the code and in Appendix A, the distribution
of transverse reinforcement across the web is not required. The research cited by
ACI 318-08 is that conducted by Leonhardt and Walther (1961); and Anderson
and Ramirez (1989) and is presented in Sections 2.6.4.1 and 2.6.4.3, respectively.

According to Eurocode 2 (§ 9.3.2), the transverse spacing, s, of shear
reinforcement is limited to:

Swe <d <3l-inches [V,<027V,]

Sy < 0.3:d < 8-inches [V,> 0.67 V,]
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The preceding requirement is for a conventionally loaded beam. It is not
referenced in the deep beam portion of the code. The Eurocode 2 requirements are
similar to the recommendation proposed by Leonhardt and Walther (1961). The
background of this study is presented in Section 2.6.4.1.

AASHTO LRFD (2008) specifications contain a provision that directly
penalizes a deep beam design if stirrups are not distributed across the web.
According to AASHTO LRFD (2008), the width of a strut framing into a CTT
node is reduced if stirrups are not distributed across the web. This requirement is
illustrated in Figure 2-26. It is important to note that the requirement is only for a

strut framing into a CTT node and only required in the STM section of the code.

VA
/ w, = 1,sin6

6d, 6d,

* LJ \J

. . < 6d < 6d
side view b S
cross-section

Figure 2-26. AASHTO LRFD requirement for a strut anchored by

reinforcement (Brown et al. 2006).

Limiting the width of a strut framing into a CTT node may be
unnecessarily conservative given that, in practice, most CTT nodes are smeared
(Section 2.4.2.3). Also, this AASHTO LRFD (2008) provision is only applicable
when designing a D-region. Yet, when the a/d ratio is less than two, a direct strut
is the predominant mechanism of shear transfer. Thus, the use of a CTT node is
not likely to be necessary. The applicability of using a direct strut or multiple-

panel model for the design of a D-region is an issue that is further addressed as
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part of this research project. One of the goals of the current research program is to
investigate the AASHTO LRFD provision that limits the width of a strut framing
into a CTT node. Previous research that has focused this issue is presented in

Sections 2.6.4.1 t0 2.6.4.3.

2.64.1 Leonhardt and Walther (1961)
Leonhardt and Walther (1961) theorized that an oblique strut in a deep
beam acts like a beam supported at the stirrup legs (Figure 2-27). As a result, the
researchers theorized that more intermediate supports (i.e. stirrup legs) would

have the effect of increasing the shear capacity of the beam.

- - >
VYV VY

Py )
7/ / < Oblique strut .';,jlfl,’/'/ \:‘\\‘:\I,

/
f ) e e
/ /- "

—
Figure 2-27. The oblique strut supported by vertical stirrup legs (taken from
Leonhardt and Walther, 1961).

The researchers recommended spacing stirrups across the web at 20-cm
(7.9-inches) for beams with high shear stresses and at 40-cm (15.7-inches) for
beams with low shear stresses. Also, they recommended limiting the maximum
spacing of stirrups across a beam web to a distance less than the beam’s effective
depth, d.

The experiments conducted by Leonhardt and Walther (1961) focused on
sectional shear behavior. For the current study, it is of interest to examine the
deep beam shear behavior for beams with stirrups distributed across the web.
Also, the widest beam that the researchers tested was 12-inches. Leonhardt and
Walther (1961) admitted that their tests were not sufficient to make a

determination on the effect of stirrup distribution across the web:
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More attention in the future will have to be paid to the distribution of the
stirrups. These tests were concerned with fairly narrow webs (up to 12-

inches).

2.64.2 Hsuing and Frantz (1985)
Hsuing and Frantz (1985) tested five beams with varying widths and

stirrup distribution. Cross-sectional details of the beams are illustrated in Figure

2-28.
&
-
A
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A

Figure 2-28. Details of specimens tested by Hsuing and Frantz (1985).

All of the specimens were tested with a shear span to depth ratio of 3.0.
Each beam had identical longitudinal and transverse reinforcement ratios (1.8%
tension, 0.2% compression, and 0.2% transversely). The stirrup spacing was held
constant by bundling the stirrups for beams B, C, and E. The concrete strength
was the same for all five specimens at the time of testing.

The ratio of measured to predicted capacities was 0.98, 0.89, 1.01, and
1.03 for beams A through D (Beam E was loaded to only 80% of its ultimate
capacity). The researchers concluded that there was not a significant influence on
the shear strength caused by the beam width or distribution of stirrups.

Hsuing and Frantz (1985) noted that Beam C had narrower crack widths
than Beam D up to 90% of their respective capacities. They suggested that this
was due to the fact that Beam C contained more reinforcement than Beam D at

the location of crack measurement (i.e. at the beam surface).
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In order to investigate the difference in crack widths between Beams C
and D, Beam E was fabricated and loaded to 80% of its capacity; the main shear
crack was epoxy injected; and the load was sustained as the epoxy cured. After
the epoxy had cured, the beam was unloaded and the web was cored at the
location of the main shear crack. The variation in crack width through the web
was examined in order to ascertain if a lack of distributed stirrups results in wider
interior crack widths. The researchers found that:

Although the center region of the cores usually contained the larger crack

widths, it was not possible to conclude that a significant variation in crack

width existed along the core length in this beam that had stirrups located
only along the edges.

The fact that crack widths did not vary through the web is inconsistent
with the previous suggestion that the crack widths in Beam C were narrower than
those of Beam D because more reinforcement was located at the surface. The
researchers did not provide an explanation for this discrepancy.

The beams tested by Hsuing and Frantz (1985) had an a/d ratio of 3.0. The
current research program is focused on deep beams with an a/d ratio less than 2.5.
Therefore, the research conducted by Hsuing and Frantz (1985) is significant but
inconclusive in regards to the effect that stirrup distribution has on the strength

and serviceability behavior of deep beams (a/d < 2.5).

2.64.3 Anderson and Ramirez (1989)

Anderson and Ramirez (1989) tested four 16-inch wide specimens with
varying stirrup distribution. All of the specimens were tested with a shear span to
depth ratio of 2.65. Each beam had identical longitudinal and transverse
reinforcement ratios (2.3% tension, 1.0% compression, and 0.4% transversely).

Cross sectional details of the beams are illustrated in Figure 2-29.

60



16” 16

2) #3@7 #3@7" Q#3@35 #3@525
W3 w4
Vst 103.4 kip 123.4 kip 113.4 kip 131.4 kip
Vigst! Vac 1.05 1.23 1.13 1.30
f 4230 psi 4670 psi 4690 psi 4900 psi

Figure 2-29. Details of specimens tested by Anderson and Ramirez (1989).

Anderson and Ramirez (1989) theorized that a lack of distributed stirrups
could result in a concentration of compression stresses at the intersection between
the stirrup and longitudinal tensile reinforcement. This situation could lead to
premature failure due to the crushing of concrete within the nodal zone.

The beams tested by Anderson and Ramirez (1989) did not fail due to
crushing in the CTT nodal zone. However, the researchers found that longitudinal
bar strains were higher for interior bars when stirrups were distributed across the
web; indicating that distributing the transverse reinforcement utilizes the interior
longitudinal bars more effectively. As a result, the researchers concluded that
stirrups should be distributed transversely across the web for wide beams with
multiple longitudinal bars.

Upon examination of their data, the significance in the strength differences
is found to be questionable (Figure 2-29). The ratio of measured to calculated
capacities varied between 1.05 and 1.30 for beams W1 through W4. The multiple
stirrup specimens (W2 and W4) had a relatively higher capacity beyond the
nominal value; however, the compressive strength of concrete for these specimens
was also relatively higher. If the beam capacities are normalized by their concrete
compressive strength, the maximum difference in their normalized capacity is less

than 8-percent (Figure 2-29). This is an insignificant amount given the degree of
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scatter associated with shear testing. In addition, all of the specimens carried more
shear than predicted by ACI 318-08. Therefore, considering that the strength of all
the specimens was safely estimated and given the nominal difference in strength,
the benefit of providing multiple stirrup legs is questionable.

Anderson and Ramirez (1989) did not specifically evaluate the strut width
limitation specified by AASHTO LRFD (2008). AASHTO LRFD (2008) allows
the designer to use an effective strut width equal to six bar diameters from the
centroid of a stirrup (Figure 2-26). Based on this requirement, the effective strut
width that may be used for the beams tested by Anderson and Ramirez (1989) was
greater than the width of the web (i.e. 6:(1.125”) + 2(1.5”) = 16.5” > 16”). In
other words, the effective strut width that was evaluated by Anderson and

Ramirez (1989) was less than six bar diameters (Figure 2-30).

Clear Cover = 11,
#3 Stirrup (d = 3/3")
#9 Bar (d, = 1'/3")

. (8" =11y - 31"
Available _ 1° ©— "2 " 6 7_ o o dy

Width (1)

Figure 2-30. Effective strut width of specimens tested by Anderson and
Ramirez (1989).

Finally, the specimens tested by Anderson and Ramirez (1989) had an a/d
ratio of 2.65. These beams are not considered deep beams and would be designed
using sectional methods. It is not necessary to use STM to design these beams. As
a result, an effective strut width limitation is not required according to AASHTO
LRFD (2008). In summary, it can be concluded that the previous research did not

evaluate the effects of distributing transverse reinforcement in deep beams.
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2.6.5

Triaxially Confined Nodal Zones
Another objective of the current research program is to determine the
effect of triaxially confined nodal regions on the strength and serviceability
behavior of deep beams. It is a well-known fact that the strength and ductility of
concrete is higher under triaxial compression than it is under uniaxial

compression (Figure 2-31).

20,000
16,000
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05 = 1090 psi
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Axial Stress, o, (psi)

03=0 o,

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Strain (in/in)

Figure 2-31. Stress-strain curve for concrete cylinder under triaxial

compression (MacGregor and Wight, 2005).

In concrete structures, confining stresses are achieved with closely spaced
hoops or spiral reinforcement, or additional concrete surrounding the loaded area.
When concrete is loaded uniaxially, it expands in the transverse direction. If
reinforcement or additional concrete is provided to confine the expansion, the
offsetting transverse stresses provide triaxial confinement. As a result, the
strength of the confined region is increased.

In STM, nodal zones are generally either biaxially or triaxially confined.
Biaxial or two-dimensional confinement occurs when a load plate extends
between opposite sides of a loaded area (Figure 2-32b). As a result, the lateral
spread of compression is confined in a single plane. Triaxial confinement occurs
when a load plate is surrounded by concrete on all sides. In this case, the lateral

spread of compression is confined in two directions transverse to the loading
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direction. Figure 2-32 illustrates the differences between biaxial and triaxial

confinement.

(@) (b)

Figure 2-32. Bearing load under (a) triaxial (b) biaxial confinement.

Many researchers recognize the fact that the bearing capacity of triaxially
confined concrete can be increased. ACI 318-08 and AASHTO LRFD (2008)
contain provisions permitting an increase in the design bearing strength of
concrete when the loaded area is smaller than the supporting area. The AASHTO
LRFD (2008) specifications express the effective compressive strength of

concrete in bearing, f.,, as follows (the ACI 318-08 expression is essentially

identical).
f,=085f""m Equation 2-15
m= 4 <2
AI
Where,
m = confinement modification factor
f.'= specified compressive strength of concrete, psi

The definition of A, and A, is illustrated in Figure 2-33.
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Figure 2-33. Application of frustum to find A, in stepped or sloped supports
(taken from ACI 318-08).

The ACI 318-08 and AASHTO LRFD (2008) specifications allow the
bearing capacity of concrete to be increased due to triaxial confinement.
However, these design provisions do not explicitly allow a similar increase in the
nodal regions of a strut-and-tie model. Both provisions contain the following note
with regard to triaxial confinement:

Unless confining reinforcement is provided within the nodal zone and its

effect is supported by tests and analysis, the calculated effective

compressive stress... shall not exceed the value given...[in Table 2.1 and

Table 2.2].

The preceding provision is attributed to the research conducted by

Bergmeister et al. (1993). The researchers made recommendations for the design
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of bursting reinforcement required around a post-tensioned anchorage zone. Their
design expression allows an increase in the bearing capacity of an anchorage zone
when closed stirrups and hoops are provided

In contrast to ACI 318 and AASHTO LRFD, fib (1999) contains the
following provision allowing the designer to increase the effective strength of
concrete at all nodal boundaries when triaxial confinement is present:

For nodes with secured triaxial compression due to local compression...

the increased strength values for multiaxial states of stress may be applied

to individual node surfaces...

The confinement factor specified in fib (1999) is expressed in Equation 2-
16 and illustrated Figure 2-34.

p= mm(ﬁ or i) <4 Equation 2-16
1 al

Figure 2-34. Definition of triaxial confinement geometries used in fib (1999).

Current STM efficiency factors have been mostly calibrated with beams
whose bearing plates extended the full width of the beam. Often times, bearing
plates do not extend the full width. As a result, if a designer is using ACI 318-08
or AASHTO LRFD (2008) for a deep beam design, excessively large bearing
plates (or closed stirrups) may be necessary, as provisions do not explicitly allow

for an increase in nodal strength due to the triaxial confinement provided by

66



surrounding concrete. A goal of the current research program is to examine the
influence that triaxial confinement has on the strength and serviceability behavior
of deep beams. Past research related to this topic is presented in Sections 2.6.5.1

through 2.6.5.3.

2.6.5.1 Leonhardt and Walther (1961), Furuuchi et al (1998)
Leonhardt and Walther (1961) and Furuuchi et al. (1998) investigated the
effects of reduced load plate size on the shear strength of deep slab specimens.

The cross-sectional dimensions of the test specimens were 8°x20” (Figure 2-35).

I
20’ o

O 4

Figure 2-35. Detail of Leonhardt and Walter (1961) and Furuuchi et al.
(1998) test specimens.

The specimens tested by Leonhardt and Walther (1961) contained
longitudinal reinforcement in the tensile zone and were otherwise unreinforced.
The a/d ratio varied between 2.5 and 4.4. The specimens tested by Furuuchi et al.
(1998) contained longitudinal reinforcement in the top and bottom side of the
beam, but did not contain any shear reinforcement. The a/d ratio varied between
1.25 and 2.25.

The Leonhardt and Walther (1961) specimens failed at both the
concentrated and line-load side. According to the researchers:

...since there appears to be no special reason for this different failure

behavior... it must be assumed that the shear strength does not differ much

for the two types of loading and that the occurrence of failure on the one
or other side is probably decided by minor local differences in the quality

of concrete.
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Furuuchi et al. (1998) derived an expression for effectively increasing the
load plate width. The researchers found that the effective width of the load or
support plate could be increased by a factor ranging between two and three.

The specimens tested by Leonhardt and Walther (1961) and Furuuchi et al.
(1998) can not be used to fully address one of the primary objectives of this
research project; an examination of the effects of triaxial confined nodal regions.
Specimens tested by Leonhardt and Walther (1961) were only tested under
sectional shear forces. As such, it is expected that the size of the plate would have
little influence on the shear capacity. A goal of the current research program is to
examine the effect of varying both the load plate and the support plate for deep
beams. Furuuchi et al. (1998) tested beams with an a/d ratio less than 2.5 and
varied both support and load plates. However, these specimens were only 6-
inches deep and did not contain transverse reinforcement. An objective of the
current research program is to test large-scale specimens that are a realistic

representation of deep beams used in practice.

2.6.5.2 Hawkins (1968)

Hawkins (1968) tested 230 concrete cubes in uniaxial compression and
developed an expression to predict their capacity. The loading geometry,
specimen size, and type and strength of concrete were varied. The majority of the
specimens were 6-inch cubes. The cubes were loaded with a %-inch thick bearing
plate with an area that was between one to thirty-six times smaller than the area of
the cube face.

Based on the findings of the research program, Hawkins (1968) proposed
an increase in the compressive strength of concrete according to the following

expression.

Equation 2-17
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Where,
K = constant depending on concrete characteristics
According to Hawkins (1968), the material constant, K, varies between 50

and 65. Accordingly, if the compressive strength of concrete is equal to 2500 to

K

44000 = 63). By setting the

4000-psi; then the term is essentially equal to 1.0 (i.e. v/2500 =50 and

term equal to one, Equation 2-17 is simplified

K

) . / A S
such that the bearing strength factor is equal to Xz; which is the same factor

1
adopted by the ACI 318-08 and AASHTO LRFD (2008) provisions for bearing
(Equation 2-15).

2.6.5.3 Brownetal.(2006)
Brown et al. (2006) conducted ten tests on seven specimens with reduced
support plate widths. An illustration of the beams tested by the researchers is

shown in Figure 2-36. The beam cross-sections were either 18”x18” or 30”x18”.
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Section N Section N Section N Section W
Bearing F Bearing C Bearing E Bearing E
(XX XX X) (XX XX X
+ K * A A LA X - A -
18 in. 15% in. 7% in. 7% in. 7% in. 7% in.

Figure 2-36. Detail of specimens tested by Brown et al. (2006).

The researchers varied the width of the beam specimens and kept the
bearing plates the same size. According to the provisions of STM, if the strut
width is kept constant, then the beams should have the same strength regardless of
their width. This was not the case; the wider beam specimens carried almost twice
the load. Unfortunately, all of the wide beam specimens failed in sectional shear
in the long span (Figure 2-36) whereas the narrow beams failed in deep beam
shear in the short span (Figure 2-36). The researchers addressed this discrepancy
by demonstrating that the amount of shear force carried by the wide specimens in
the deep beam side was more than twice shear carried by the narrow beams.
Additionally, only the CCT node was investigated by Brown et al. (2000).
Therefore, the results of the tests cannot be used to fully address the objectives of
this research study.

In summary, previous research studying the effects of triaxial confinement
on the behavior of deep beams is found to be inconclusive for the purpose of this
research study. The current research program is designed to provide the necessary

additional information.
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2.7

28

SERVICEABILITY CONSIDERATIONS

As presented in Section 2.4 .4, differences exist between the various design
provisions as to the amount of transverse reinforcement required for a deep beam
design using STM. As a result, one of the objectives of the current research
program is to examine the amount of minimum transverse reinforcement
necessary to provide adequate strength and serviceability performance. The
findings for the minimum reinforcement study are presented by Birrcher (2008).

Tests discussed in this report were primarily developed to investigate the
influence of multiple stirrup legs and of triaxial confinement. However, these
beams were also designed to contain the following two reinforcement ratios of
interest: 0.2% and 0.3%. Differences in deep beam performance are noted for
both amounts of reinforcement within the current report. However, the findings of

the minimum transverse reinforcement task are presented by Birrcher (2008).

DEEP BEAM DATABASE

In addition to the experimental portion of the current research program, a
database containing 904 deep beam shear tests (a/d < 2.5) has been compiled
(including the 36 specimens tested as part of the current project). The purpose of
the database is to supplement the experimental program and provide an additional
means of examining design provisions. This database is an expansion of the
database originally compiled by Brown et al. (2006). All of the tests from the
Brown et al. (2006) database with an a/d ratio greater than 2.5 have been
removed; the remaining dataset has been rechecked and additional deep beam
tests have been added. This database will subsequently be referred to as the
collection database. The collection database was compiled based on the research
papers cited in Appendix D.

298 beams in the collection database were removed due to what is
considered to be inadequate details reported by the authors. The remaining

database containing 606 beams is referred to as the filtered database. A
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28.1

description of the criteria used to develop the filtered database is described as

follows.

Filtered Database

In order to evaluate the current STM design provisions, it is necessary to
have an accurate description of bearing plate geometries. 284 of the specimens in
the collection database were not accompanied with adequate, verifiable bearing
plate dimensions.

Only beams that were tested with one or two point loads were considered;
thus, uniformly loaded beams were filtered from the database. The definition of
the a/d ratio for a uniformly loaded beam is not straightforward. Also,
determination of a truss model is slightly more complicated. Therefore, seven
uniformly loaded beams were filtered from the database.

Of the remaining specimens, three failed due to crushing of their stub
columns rather than failure of the beam. For these specimens, stub columns were
used at the bearing points to support the beam and apply the load. Failure of a
stub column is not an appropriate mechanism for evaluating strut-and-tie
provisions with respect to shear behavior; as a result, these beams were filtered
out of the deep beam database.

Finally, four specimens were removed from the remaining dataset due to
the fact that the compressive strength of concrete at the time of testing was less
than 2000-psi. For concrete to be considered structural, it must have a
compressive strength greater than or equal to 2000-psi.

In summary, the filtered database contains 606 specimens. These
specimens have adequate details necessary to evaluate strut-and-tie modeling
provisions. Next, it was of interest to the research team to only consider beams
that better represent actual beams used in the field. Of the 606 specimens in the
filtered database, 428 were filtered out based on their dimensions and

reinforcement details. The remaining 178 specimens constitute what is referred to
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2.8.2

as the evaluation database. A description of the filtering criteria used to develop

the evaluation database is presented as follows.

Evaluation Database
Due to the limitations of testing capacity and/or research budgets, most of
the specimens in the filtered database are unrealistically scaled and proportioned.
In order to illustrate this point, the specimens in the filtered database are plotted in
Figure 2-37 by their shear area (b,d) along the y-axis and aspect ratio of their

cross-section (d/b,,) along the x-axis.
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Figure 2-37. Summary of beam proportions in filtered database (N=606).

The majority of the specimens in the filtered database have an area less
than 200-in’. Yet, bent caps in the State of Texas are typically on the order of
1400-in” and greater. Also, a significant number of beams in the filtered database
have an aspect ratio greater than four — some have a depth over 8 times greater
than their width. Such a high aspect ratio is unrealistic. Conventional beams have
an aspect ratio of approximately one to three.

In addition to specimen size, a significant number of the beams in the
filtered database do not have any or contain unrealistically low amounts of
transverse reinforcement. Although testing specimens without any transverse
reinforcement may be interesting from an academic standpoint, most beams in the

73



field, particularly deep beam regions, contain a minimum amount of transverse
reinforcement. Therefore, unreinforced beams are not used to evaluate STM
provisions. However, it is of interest to evaluate specimens that have less
transverse reinforcement than the minimum required by design specifications. By
examining the trends of lightly reinforced specimens, a determination can be
made as to an adequate amount of reinforcement necessary to maintain the
integrity or strength of a D-region.

As stated, it is the goal of the research program to only consider those
beams that better represent actual bent caps. This criterion was given the most
weight when forming the evaluation database. In addition, it was necessary that
the number of remaining beams in the evaluation database was statistically
significant. Accordingly, the following criteria were used to remove 428 of the
less representative specimens from the filtered database:

* Beam width, b,, greater than 4.5-inches: 222 specimens had a width

less than 4.5-inches.

* Shear area, b, -d, greater than or equal to 100-in’*: of the remaining

dataset, 73 specimens had a shear area less than 100-in’.

* Depth, d, greater than or equal to 12-inches: of the remaining

dataset, 13 specimens had a depth less than 12-inches.

* Transverse reinforcement ratio, 2p., greater than 0.1% (ACI 318

definition, Equation 2-4): of the remaining dataset, 120 specimens had
2pd1less than 0.1%.

The remaining database is referred to as the evaluation database and
contains 178 specimens; 34 of which have been tested as part of the current
research program (2 specimens from this study were filtered out of the evaluation
database because they did not contain any transverse reinforcement). Specimens
in the evaluation database are considered to more realistically represent deep
beams used in the field. The data from these beams were used throughout the

remainder of the current research program in evaluating and formulating STM
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29.1

design provisions. A complete description of the beams in the evaluation database

is presented in Appendix E.

SUMMARY

In order to accomplish the research goals, an extensive review of deep
beam tests has been conducted. Few tests exist that specifically address the
research objectives.

As part of the current study, 36 specimens were fabricated and tested.
Cross-sectional dimensions of the specimens are as follows: 217°x23”, 217x42”,
217x44”, 217x75”, and 36”x48”. These specimens represent some of the largest
deep beam shear tests ever conducted. In addition to the experimental program, a
database of over 904 deep beam shear tests was compiled. Of those 904 tests, 178
were considered to be more representative of TxDOT bent caps in terms of size
and reinforcement details. Specifics on the need for the current study are

summarized as follows.

Need for this Research Study

One of the objectives of the current research program is to determine how
the strength and serviceability behavior is affected by the distribution of
transverse reinforcement (i.e. multiple stirrup legs) across a beam’s web. There
are significant inconsistencies between current design provisions regarding this
topic. AASHTO LRFD (2008) requires distributed reinforcement in deep beam
regions in order for a designer to utilize the full beam’s width as the width of the
strut framing into a CTT node. However, the applicability of a CTT nodal zone
(i.e. multiple-panel truss model) is questionable when the a/d ratio is less than
two. ACI 318-08 does not require multiple stirrup legs in deep beam regions.
However, ACI 318-08 includes language in the commentary on sectional shear
stating the benefit of distributing stirrups across the web. Eurocode 2 also limits
the transverse spacing of stirrups, but the provision is only included in the

sectional shear portion of the code. The studies cited by ACI 318-08 and
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Eurocode 2 (Leonhardt and Walther, 1961; and Anderson and Ramirez, 1989) are
not conclusive as to the advantage of multiple stirrup legs. fib (1999) states that
CTT nodes are generally smeared and need not be checked. The study conducted
by Hsuing and Frantz (1985) concluded that stirrup distribution had little to no
influence on the strength or crack widths for the specimens in their testing
program.

Another objective of the current research program is to determine how the
strength and serviceability behavior of a deep beam is affected when the size of a
bearing plate is reduced, resulting in a triaxially confined nodal zone. The size of
a bearing plate has a pronounced effect on the nominal capacity of a beam
determined with a truss model. Most researchers recognize that the confinement
provided by concrete around a node will significantly increase its effective
strength. However, the ACI 318-08 and AASHTO LRFD (2008) provisions do
not allow for a similar increase in the strength of a nodal region. A reason that
STM provisions for triaxially confined nodes have not been implemented can be
attributed to the limited research that has directly investigated the issue. Other
than a deep slab study conducted by Furuuchi et al. (1998) and a few beams tested
by Brown et al. (2006), there are no other tests investigating the effect of triaxially
confining a node of a deep beam shear specimen.

A final objective of this research study is to examine current STM design
provisions in ACI 318-08, AASHTO LRFD (2008), and fib (1999) and
recommend a simple STM design methodology. The evaluation database is used
to evaluate the code provisions. Ultimately, the purpose of the evaluation is to
recommend a design procedure that is useful to practitioners. A useful design
procedure is simple, practical, transparent, and should be consistent with other

parts of the code.
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CHAPTER 3

Experimental Program

3.1  OVERVIEW

The purpose of the experimental program is to investigate how the
strength and serviceability of a deep beam is influenced by: (i) the distribution of
stirrups across the web of a beam; (ii) triaxial confinement of the CCC and CCT
nodes (load and support bearing plates); (iii) varying shear span-to-depth ratios;
(iv) varying transverse reinforcement ratios; and (v) increasing depth. The testing
program was developed in order to investigate the aforementioned variables as
well as to supplement the existing data in the literature.

In order to address the objectives of the research program, 37 tests were
conducted on 19 specimens. One of these tests was not a valid shear failure.
Therefore, it was not included in the collection database. However, the
information obtained from the test is relevant with regard to a project objective.
Thus, the beam data is presented in this document. The information presented in
this chapter is intended to provide all of the important details relevant to the
design, fabrication, and testing of these specimens.

Additional information regarding the development of the testing program
is presented in Section 3.2. Relevant details of all of the specimens are presented
including the load plate, geometry and reinforcement configuration. Next, details
regarding the test setup are presented in Section 3.3 including the configuration of
the testing frame, instrumentation, measurement of loads, and measurement of
displacements. Finally, details of the fabrication and construction of the
specimens is presented in Section 3.4 including specific information on the

properties of the materials used to construct each beam.
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3.2  TESTING PROGRAM
In order to accomplish the goals of the current research program, it was
necessary to test specimens that were considerably larger than those that have
been tested in the past. In general, previous research has been conducted on
beams that are too narrow to realistically represent actual bents and deep beams

used in the field. This point is illustrated in Figure 3-1.
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Figure 3-1. Comparison between actual bent caps and beams included in past

research programs.

Bent caps used in the State of Texas are illustrated to scale in Figure 3-1
alongside beams that have been tested as part of past research studies. The beams
shown from the previous studies are taken from research papers that were used for
the development of deep beam shear design provisions. Because of this
considerable difference in size, specimens in the current research program were
scaled in order to more realistically represent deep beams and to adequately

address the research objectives.
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The research objectives were: examine the influence that (i) the
distribution of stirrups across the web of a beam; (ii) triaxial confinement of the
CCC and CCT nodes; (iii) reinforcement ratio, (iv) shear span-to-depth ratio; (v)
and depth has on the strength and serviceability performance of deep beams. In
order to isolate the primary test variables of the research program, the
experimental portion was divided into five separate testing series. A summary of
these five testing series is presented as follows and in Table 3.1.

* Series I: Distribution of stirrups through the beam web
e Series II: Triaxially confined nodal regions
e Series III: Reinforcement and shear span-to-depth ratio
e Series IV: Effect of depth
e Series M: Multiple purpose
An overview of the development of the testing program is presented in

Sections 3.2.1 through 3.2.6.
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Table 3.1. Testing Program.

g:jit:;g b d Support Load slji(;}:;f a/d
in. in. Plate’ Plate’ Legsp o n ratio
- a i 0.003 0.003
g TE | 21| 385 ] 167217 | 207217 5 1.84
s 2 0.002 | 0.002
. 10°x21” | 207x21”
s 10°x21” | 107x7”
0.003 0.003
= ﬁ 10°x21” | 367x21”
7 E 2. 2 2. 29
Sa | 21| 386 5,,"7,, 36,,X21,, 2 1.84
= 2 57x7 367x21
wn
= 10°x21” | 10”x7”
0.002 0.002
3} 10°x21” | 107x21”
57x21” | 207x21”
1.84
0.000 0.000
247
° 0.002 0.002
5 0.0025 | 0.0015
=g G001 | oo | "
S E | 21 | 386 | 16"x21” | 207x21” 2 ' '
§ g 2 X X 0003 | 0003
ZEENS 0.002 0.002
=
£ 0.002 0.002
%)
= 0.003 0.003 120
0.002 0.002
2.49
0.003 0.003
0.002 0.002
29”x21” 1.85
689 X 0003 | 0003
> ' - 0.002 0002 | 2.50
7 = . Ll ) 0002 | 0002 | 120
o QY
58 o5t 000 10003 7,
19.5 ' '
? 15.57x21” 0.002 0002 | 2.50
187x21” 0.002 0002 | 1.20
24”x36" 0.003 0.003
= . 2 87x12” A 0.003 0.003
§§ ? 36 | 40 | 16"x36” | 24”x36” 0.009 0003 | 185
- 24”x36” 0.002 0.002
24”x36" 2 0.003 0.003

s

Plate dimensions: [in direction of span] x [transverse to direction of span]
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Series I: Distribution of Stirrups across Beam Web

For a deep beam design, AASHTO LRFD (2008) requires the use of
multiple stirrup legs in order to fully utilize the entire width of a beam. More
background on this issue is presented in Section 2.6.4.

In order to investigate these provisions further, four tests were conducted
on specimens with a 217x44” cross-section. For each beam, the transverse
reinforcement ratio and stirrup spacing was held constant. The only difference
was the distribution of stirrups across the web. According to AASHTO LRFD
(2008), the width of a strut anchored by stirrups is limited to a distance equal to
six bar diameters from the centroid of the stirrups. Therefore, multiple stirrup legs
must be provided to fully utilize the section. The reinforcement for Series I
specimens was configured to specifically evaluate this AASHTO LRFD effective
strut width provision. An overview of the effective strut widths of Series I
specimens is shown in Figure 3-2. Key beam details are presented in Section

3.2.1.1. Complete details are summarized in Section 3.2.6.

12d, ) .
6d, <—— Available Strut Width

—>—I<—¢— AASHTO Limitation

CO0OU00 00

44"

56%] | 21

Two Legs Four Legs

opo g
opo ¢
a

”

Figure 3-2. Effective width of strut anchored by reinforcement at the CCT

node.

The 217°x44” test specimens were designed such that shear was the critical

mode of failure. The specimen width was selected to be as wide as possible, while
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keeping it narrow enough to ease installation and removal from the test setup. In
order to evaluate the effective strut width provisions, the test specimens were
proportioned such that a significant difference existed between the two and four-
leg stirrup configurations. For example, the difference between the effective
widths of the struts supported by two and four stirrup legs is 11.3 and 21-inches
respectively (Figure 3-2); a 46-percent difference.

The longitudinal reinforcement was proportioned so that shear would be
the dominant failure mode. The transverse reinforcement ratio was proportioned
in order to study the two different ratios of interest: 0.2% and 0.3%. The vertical
stirrup spacing was kept constant so that the only variable between companion
tests was the number of stirrups distributed across the web.

3.2.1.1 Series I: Beam Details

In order to distinguish Series I specimens from one another, the
nomenclature presented in Figure 3-3 was developed. Each numeral is a variable
within the testing series. Beam details other than those shown in the specimen [.D.

(Figure 3-3) remained constant and are presented in Section 3.2.6.

Specimen I.D.
I-03-4

Series —T T— No. of Stirrup Legs

Reinforcement Ratio (nominal):
03 = 0.3% each way
02 = 0.2% each way

Figure 3-3. Series I: description of nomenclature used for Specimen 1.D.

Geometric and reinforcement details for all of the beams tested within
Series I are presented in Figure 3-4 and Table 3.2. A discussion of the results of

the Series I testing program is presented in Chapter 4.
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3.2.2

21 6- #11 Bars N
20” R

A T
) Transverse
44" 38.5 Reinforcement
MH 4o /V (Table 3.2) cdddr o
\ s 5835# = !
42-#6 BarsJ 16" Ff_VL e AN >
Clear Cover =%4” (side); 1” (fop and bottom)
Figure 3-4. Series I beam details.
Table 3.2 Series I test specimen details.
Name | i d a/d | Stirrup | No. Strut
(psi) Py P (in.) | ratio | Spacing | Legs | Width'
I1-03-4 | 5240 | 0.0030 | 0.0033 | 385 | 1.84 | #3@7 4 217
I1-03-2 | 5330 | 0.0029 | 0.0033 | 385 | 1.84 | #4@6.5 2 11.3”
I1-02-4 | 3950 | 0.0021 | 0.0020 | 38.5 | 1.84 | #3@10 4 217
1-02-2 | 4160 | 0.0020 | 0.0020 | 38.5 | 1.84 | #4@9.5 2 11.3”

" Effective strut width according to AASHTO LRFD (i.e. +6-d, from centroid of stirrup)
" Compressive strength of concrete measured at the time of testing (Section 0)

Series II: Triaxially Confined Nodal Zones

Researchers [Hawkins (1968); Bergmeister et al. (1993); MacGregor and
Wight (2005)] agree that triaxial confinement can increase the compressive
strength of concrete. However, ACI 318-08 and AASHTO LRFD (2008) lack
explicit provisions allowing an increase in the strength of a nodal zone when
triaxial confinement due to surrounding concrete is present. Triaxial confinement
within nodal zones is an important issue as the size of a bearing plate can have a
pronounced affect on the capacity predicted from an STM. Detailed information
regarding this issue is presented in Section 2.6.5.

In order to investigate the effects of triaxial confinement within a deep
beam nodal zone, eight tests were conducted on specimens with a 217°x42” cross-
section. The testing program was planned so that a reinforcement ratio of 0.2%

and 0.3% could be compared. Beam details were consistent between tests. The
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only test variable was either the size of the load or support plates. An overview of
the bearing plate sizes that were studied for the 217x42” specimens are shown in
Figure 3-5. Key beam details are presented in Section 3.2.2.1. Complete details

are summarized in Section 3.2.6.

Load Plate
CCC
42| |ccT o Node \#
Nod
2
| S~ Support Plate
l¢ 717 >

Support Plate Sizes Load Plate Sizes

Figure 3-5. Plate sizes investigated within Series II.

In order to investigate the effect of triaxial confinement in the nodal
regions, identical tests were conducted in which the only variable was the size of
the bearing plate. For a plate to be triaxially confined, its width must be
substantially less than that of the beam. Concurrently, it was important that the
width of the test specimen was large enough such that there was a significant
difference between a reduced and full size bearing plate. For the specimens tested
as part of this study, the width of the bearing plates used to study triaxially
confined nodes was three times narrower than the width of the beam (i.e. from 21-
inches to 7-inches). Triaxial confinement was investigated at both the load (CCC
node) and support (CCT node) bearing plates. Other variables were kept constant.

Plate sizes are illustrated in Figure 3-5.
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The 21-inch wide specimens were designed in the same manner as the
Series I specimens; i.e. so shear would be the dominant mode of failure. The
transverse reinforcement ratio was proportioned in order to study the two different

ratios of interest: 0.2% and 0.3%.

3.2.2.1 Series I1: Beam Details
In order to distinguish Series II beams from one another, the nomenclature
presented in Figure 3-6 was developed. Each numeral is a variable within the
testing series. Beam details other than those shown in the specimen 1.D. (Figure

3-6) remained constant and are presented in Section 3.2.6.

Specimen 1.D.
II-03-CCC2021

) T

Series Node under Investigation (e.g. CCC)

Bearing Plate Size (e.g. 20"x21")

Reinforcement Ratio (nominal):
03 = 0.3% each way
02 = 0.2% each way

Figure 3-6. Series II: Description of nomenclature used for Specimen 1.D.

Geometric and reinforcement details for all of the beams tested within
Series II are presented in Figure 3-7 and Table 3.3. A discussion of the results of

the Series II testing program is presented in Chapter 5.

21" See Table 3.3
: ?——6- #11 Bars for R Sizes ;
y

AN A :
" - Transverse Af
4" 38.6 Reinforcement z
d 4’ oc /\/ (Table 3.3)
\( O O O O
Y 7 |ocoo &3
12- #11 Bars—) #5, Typ. }< 71 5

Clear Cover =% (side); 1” (fop and bottom)
Figure 3-7. Series II beam details.
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Table 3.3. Series II test specimen details.

Load | Support
Plate’ | Plate’

(in.) (in.)

£ d | ad

Name (psi) & @ | (n) | ratio

11-03-CCC2021 3290 | 0.0031 | 0.0031 | 38.6 | 1.84 | 20x21 | 10x21
1-03-CcCcCc1007 3480 | 0.0031 | 0.0031 | 38.6 | 1.84 | 10x7 10x21
1-03-CCT1021 4210 | 0.0031 | 0.0031 | 386 | 1.84 | 36x21 | 10x21
1-03-CCT0507 4410 | 0.0031 | 0.0031 | 38.6 | 1.84 | 36x21 5x7

1-02-CCT0507 3120 | 0.0020 | 0.0020 | 38.6 | 1.84 | 36x21 5x7

1-02-ccc1007 3140 | 0.0020 | 0.0020 | 38.6 | 1.84 | 10x7 10x21
11-02-CcCcc1021 4620 | 0.0020 | 0.0020 | 38.6 | 1.84 | 10x21 | 10x21
11-02-CCT0521 4740 | 0.0020 | 0.0020 | 38.6 | 1.84 | 20x21 5x21

" Load plate dimensions: [in direction of span] x [transverse to direction of span]
" Compressive strength of concrete measured at the time of testing (Section 0)

Series III: Reinforcement and Shear Span-to-Depth Ratio

Twelve tests were conducted on beams with 217°x42” cross-sections. The
purpose of Series III specimens was to examine the differences in shear strength
and serviceability behavior caused by varying a beam’s transverse and skin
reinforcement ratio; and a/d ratio. Reinforcement ratios of 0.2% and 0.3% and a/d
ratios of 1.2, 1.85, and 2.5 were the primary variables under investigation.

Additional details with regard to the design and a discussion of results for
Series III specimens are presented by Birrcher (2008). However, because many of
the specimen details were consistent between all testing series, it was possible to
make comparisons among different test series. The details of these specimens are
summarized in Section 3.2.6. An overview of the details and nomenclature used

to distinguish beams within Series III is presented next.

3.2.3.1 Series I11: Beam Details

In order to distinguish Series III beams from one another, the following
nomenclature was developed. Each numeral is a variable within the testing series.
Beam details other than those shown in the specimen I.D. (Figure 3-6) remained
constant and are presented in Section 3.2.6. An overview of the beams tested

within Series III is presented in Figure 3-9.
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Specimen 1.D.

II1-1.85-03
Series —T
Reinforcement Ratio (nominal):
03 = 0.3% each way
025 = 0.25% vert., 0.15% horz.
02 = 0.2% each way
a/d ratio — 01 = 0.1% each way

Figure 3-8. Series III: Description of nomenclature used for Specimen L.D.

21" 20" Load
: 6zl——e-#ﬂ Bars ﬁ)-/\y
A A :
Transverse /\/

42’ 38.6" l Reinforcement z

_| |4’ oc]| | /\/ (Table 3.5)
v Yl
12-#11 Bars— 16" Load Q\JT( Varies R

) See Table 3.5
Clear Cover =% (side); 1” (fop and bottom)

Y _|E

Figure 3-9. Series III beam details.

Series IV: Depth Effect

Four tests were conducted on beams with 21”°x75” cross-sections and four
tests were conducted on beams with 217x23” cross-sections. The purpose of these
specimens was to examine the differences in shear strength and serviceability
behavior caused by variations in beam depth. The behavior of the Series IV
specimens can be directly compared that of the 42-inch Series III specimens. The
testing program was planned so that the behavior of beams with transverse
reinforcement ratios of 0.2% and 0.3% could be compared to one another for 23,
42, and 75-inch deep beams.

Additional details with regard to the design and a discussion of results for
Series IV specimens are presented by Birrcher (2008). However, because these

specimens are part of the overall research program, their details are presented here
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and the specimens are included in the evaluation database. Complete specimen
details are summarized in Section 3.2.6. An overview of the nomenclature used to

distinguish beams within Series IV is presented next.

3.24.1 Series IV: Beam Details
In order to distinguish Series IV beams from one another, the
nomenclature presented in Figure 3-10 was developed. Each numeral is a variable
within the testing series. An overview of the beams tested within Series IV is
presented in Figure 3-11. A detailed description of the specimens is summarized

in Section 3.2.6.

Specimen I.D..
IV-2175-1.85-03

Series ) L Reinforcement Ratio (nominal):
03 = 0.3% each way
02 = 0.2% each way

a/d Ratio

Beam Size (e.g. 21"x75")

Figure 3-10. Series IV: Description of nomenclature used for Specimen L.D.
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Figure 3-11. Series IV beam details.

3.2.,5 Series M: Multiple Purpose

Five tests were conducted on specimens with a 36”x48” cross-section. The
purpose of Series M specimens was to validate the findings obtained in the other
testing series for 36”°x48” beams.

Series M specimens were designed in the same manner and for the same
purpose as beams within other testing series. For this part of the experimental
program, two Series M tests are evaluated: one Series M specimen provided an
additional triaxially confined node comparison for a beam with 0.3% transverse
reinforcement in each direction; the other Series M specimen provided a

comparison between beams reinforced with 0.3% transverse reinforcement in
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each direction with either two or four stirrups legs. Details of these four tests are

presented in Figure 3-12.

M-03-4-CCC2436 M-03-4-CCC0812
pv=ph=0'30A’ pvzph=0°3‘%’
(a)
24”x36” 87x12”
A Lo b
36” P z 3 [] P
v P P
A %
48 AN
Y

11d
6d <—b>;—Avaﬂab1e Strut Width
b,

—>—‘<—~Z AASHTO Limitation
(b) :

10.6 | 36 |
I 1
Two Legs Four Legs

M-03-2-CCC2436 M-03-4-CCC2436
Figure 3-12. Series M: (a) Triaxially confined load plate and (b) 2 versus 4

stirrup leg comparison.

As previously mentioned, Specimen M-03-2-CCC2436 did not fail in
shear. Therefore, results from this test are not included in the filtered database.
However, the data collected from this experiment has value and is of interest to

the current research. The purpose of testing Specimen M-03-2-CCC2436 was to
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correlate the findings from the tests conducted on 21-inch wide specimens with
those conducted on 36-inch wide specimen. Therefore, results for this specimen
are presented in Chapter 4 along with the Series I results.

A detailed discussion of the fabrication and testing of Series M specimens
is presented by Huizinga (2007). Specimen details are summarized in Section
3.2.6. The nomenclature used to distinguish the beams within Series M and other

details specific to their purpose is presented in Section 3.2.5.1.

3.2.5.1 Series M: Beam Details
In order to distinguish Series M beams from one another the nomenclature
presented in Figure 3-13 was developed. Each numeral is a variable within the
testing series. Other beam details remain constant and are summarized in Section
3.2.6. Geometric and reinforcement details for all of the Series M tests are

presented in Figure 3-14 and Table 3 .4.

Specimen 1.D.
M-03-4-CCC2436

)

L Node under Investigation (e.g. CCC)
Bearing Plate Size (e.g. 24"x36")

No. of Stirrup Legs

Series

Reinforcement Ratio (nominal):
09 = 0.9% vert., 0.3% horz.
03 = 0.3% each way
02 = 0.2% each way

Figure 3-13. Series M: description of nomenclature used for Specimen I.D.
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Figure 3-14. Series M beam details.

Table 3.4. Series M test specimen details.

a/d | Stirru Load
Name . o, On . UP | plate’ Purpose
ratio | Spacing (in.)
M-03-4-CCC2436 | 4100 | 0.0031 | 0.0030 | 1.85 | #5@11” | 24x36 | Control
M-03-4-CCC0812 | 3000 | 0.0031 | 0.0030 | 1.85 | #5@11” | 8x12 TZZZ’;Z
M-03-2-CCC2436 | 4900 | 0.0031 | 0.0030 | 1.85 | #7@11” | 24x36 Z.VS' 4
Stirrups
v Reinf.
M-09-4-CCC2436 | 4100 | 0.0086 | 0.0030 | 1.85 | #5@4 24x36 Ratio
’ Reinf.
M-02-4-CCC2436 | 2800 | 0.0022 | 0.0022 | 1.85 | #4@10 24x36 Ratio

" Load plate dimensions: [in direction of span] x [transverse to direction of span]
* Compressive strength of concrete measured at the time of testing (Section 0)

3.2.6 Summary of All Testing Series
A summary of the details for all 37 tests of the experimental program is
presented in Table 3.5. A discussion of results for Series I and II specimens is
presented in Chapters 4 and 5, respectively. For the convenience of the reader,
beam details are presented along with the experimental results for all 37 of the test

specimens in Appendix E.
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Table 3.5. Summary of all beam details.

b h d . Stirrup | L7 | b," | L7 | b7 | a/d
Beam LD. in. | in. | in. P P Py Pv ' spa.in. | in. | in. | in. | in. | ratio
Series 1 Distribution of Stirrups through beam web
1-03-2 21 | 44 | 38.5 | 0.0229 | 0.0116 | 0.0029 | 0.0033 6.5 16 | 21 | 20 | 21 1.84
1-03-4 21 | 44 | 38.5 | 0.0229 | 0.0116 | 0.0030 | 0.0033 7.0 16 | 21 | 20 | 21 1.84
1-02-2 21 | 44 | 38.5 | 0.0229 | 0.0116 | 0.0020 | 0.0020 | 9.5 16 | 21 | 20 | 21 1.84
1-02-4 21 | 44 | 38.5 | 0.0229 | 0.0116 | 0.0021 | 0.0020 | 10.0 | 16 | 21 | 20 | 21 1.84
Series Il Triaxial Confinement of Nodal Regions
I1-03-CCC2021 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0031 | 0.0045 | 9.5 10 | 21 | 20 | 21 | 1.84
I1-03-CCC1007 | 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0031 | 0.0045 | 9.5 10 | 21 | 10 | 7 1.84
I1-03-CCT1021 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0031 | 0.0045 | 9.5 10 | 21 | 36 |21 | 1.84
I1-03-CCTO0507 | 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0031 | 0.0045 | 9.5 517 13621 1.84
I1-02-CCT0507 | 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0020 | 0.0019 | 15.0 517 13621 1.84
I1-02-CCC1007 | 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0020 | 0.0019 | 15.0 | 10 | 21 | 10 | 7 1.84
I1-02-CCC1021 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0020 | 0.0019 | 15.0 | 10 | 21 | 10 |21 | 1.84
11-02-CCT0521 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0020 | 0.0019 | 15.0 5 121120 |21 ] 1.84
Series IIl Reinforcement and a/d Ratio
II1-1.85-00 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.000 | 0.000 - 16 | 21 | 20 | 21 | 1.84
111-2.5-00 21 | 42 | 38,6 | 0.0231 | 0.0115 | 0.000 | 0.000 - 16 | 21 | 20 | 21 | 247
II1-1.85-02 21 | 42 | 38,6 | 0.0231 | 0.0115 | 0.0020 | 00019 | 145 | 16 | 21 | 20 | 21 | 1.84
II1-1.85-025 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0024 | 0.0014 | 120 | 16 | 21 | 20 |21 | 1.84
II1-1.85-03 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0029 | 0.0029 | 100 | 16 | 21 | 20 | 21 | 1.84
II1-1.85-01 21 | 42 | 38.6 | 0.0231 | 00115 | 0.0010 | 0.0014 | 180 | 16 | 21 | 20 | 21 | 1.84

T

I, = length of support plate, along the length of the beam

b, = width of support plate, transverse to the beam

[, = length of load plate, along length of the beam

b, = width of support plate, transverse to the beam




Table 3.5 (cont.’d). Summary of all beam details

Stirru

Beam I.D. .b .h .d P P P, P Spa-p l b l.)"T .l'T .b'T a/(.i

n. n. 1n. in. mn. | . | . | 1n. ratio
Series I11, continued...
I1I-1.85-03b 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0031 | 0.0029 6.0 16 | 21 | 20 | 21 1.84
I1I-1.85-02b 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.002 | 0.0018 95 16 | 21 | 20 | 21 1.84
III-1.2-02 21 | 42 | 38.6 | 0.0231 | 00115 | 0.002 | 0.0018 95 16 | 21 | 20 | 21 1.20
I1I-1.2-03 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0031 | 0.0029 95 16 | 21 | 20 | 21 1.20
I11-2.5-02 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.002 | 0.0018 95 16 | 21 | 20 | 21 | 249
I11-2.5-03 21 | 42 | 38.6 | 0.0231 | 0.0115 | 0.0029 | 0.0042 95 16 | 21 | 20 | 21 | 249
Series IV Depth Effect

v6

IV-2175-1.85-02 21 | 75 | 689 | 0.0237 | 0.0129 | 0.0021 | 0.0018 | 9.5 16 | 21 | 29 | 21 1.85
IV-2175-1.85-03 21 | 75 | 689 | 0.0237 | 0.0129 | 0.0031 | 0.0029 | 9.5 16 | 21 | 29 | 21 1.85
IV-2175-2.5-02 21 | 75 | 689 | 0.0237 | 0.0129 | 0.0021 | 0.0021 | 1425 | 16 | 21 | 24 | 21 | 2.50
IV-2175-1.2-02 21 | 75 | 689 | 0.0237 | 0.0129 | 0.0021 | 0.0021 | 14.25 | 16 | 21 | 24 | 21 1.20
IV-2123-1.85-03 21 | 23 | 195 | 0.0232 | 0.0116 | 0.0030 | 0.0030 | 6.25 | 16 | 21 | 165 | 21 1.85
IV-2123-1.85-02 21 | 23 | 195 | 0.0232 | 00116 | 0.0020 | 0.0017 | 525 | 16 | 21 | 165 | 21 1.85
1V-2123-2.5-02 21 | 23 | 195 | 0.0232 | 0.0116 | 0.0020 | 0.0017 | 525 | 16 | 21 |155| 21 | 2.50
1V-2123-1.2-02 21 | 23 | 19.5 | 0.0232 | 0.0116 | 0.0020 | 0.0017 | 525 | 16 | 21 | 18 | 21 1.20

Series M Multiple Purpose

M-03-4-CCC2436 | 36 | 48 | 40 | 0.0293 | 0.0043 | 0.0031 | 0.0030 11 16 | 36 | 24 | 36 | 1.85
M-03-4-CCCO0812 | 36 | 48 | 40 | 0.0293 | 0.0043 | 0.0031 | 0.0030 11 16 {36 | 8 | 12 | 1.85
M-03-2-CCC2436 | 36 | 48 | 40 | 0.0293 | 0.0022 | 0.0032 | 0.0030 11 16 | 36 | 24 | 36 | 1.85
M-09-4-CCC2436 | 36 | 48 | 40 | 0.0293 | 0.0043 | 0.0086 | 0.0030 4 16 | 36 | 24 | 36 | 1.85
M-02-4-CCC2436 | 36 | 48 | 40 | 0.0293 | 0.0043 | 0.0022 | 0.0022 10 16 | 36 | 24 | 36 | 1.85

"I, = length of support plate, along the length of the beam [, = length of load plate, along length of the beam
b, = width of support plate, transverse to the beam b, = width of support plate, transverse to the beam




3.3  TESTING FRAME

In order to apply loads high enough to fail large-scale deep beams, a new
test setup was designed and constructed in the Phil M. Ferguson Structural
Engineering Laboratory. A key component of the new testing frame was a 96,000-
pound steel platen or strong floor. The strong floor was salvaged from a six-
million pound testing frame that had been decommissioned by the Navy and
donated to the Ferguson Laboratory. An illustration of the final test setup is
presented in Figure 3-15. The construction and installation of the strong floor is
presented in Figure 3-16. In addition, a picture of the test setup immediately prior
to a test is presented in Figure 3-16. Further details on the design and construction

of the testing frame are presented by Huizinga (2007).

‘/- 3” Diameter Rod

Load Cell
:/— oad Ce
:| |:/—Transfer Beam

Bearing Plates and Roller \

Specimen

e et
e

.'I:l’::k Bearing Plates and Roller

l«— Hydraulic Ram

Figure 3-15. Elevation view of test setup [Huizinga (2007)].
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© - (d)

Figure 3-16. Installation of strong floor: (a) steel platen (b) floor excavation
(c) fabrication of platen support (d) lowering of platen into position, and (e)

test setup.

96



34.1

34 FABRICATION OF SPECIMENS

Specimens were constructed using conventional materials. The use of steel
formwork accelerated the fabrication process and provided dimensional accuracy.
In general, the assembly of the reinforcement cage, installation of strain gauges,
placement of concrete, and removal of formwork took about two weeks to
complete per specimen. Beams were tested a minimum of 28-days after concrete
placement. Additional details regarding the materials, assembly, and testing of the
beam specimens are presented in Sections 3.4.1 through 3.4.3.

Steel Reinforcement

Steel reinforcement was domestic Grade 60 deformed bars meeting the
requirements of ASTM A615. Cross sectional dimensions of the bars complied
with the nominal sizes given in ASTM A615.

Each rebar order delivered to the Ferguson Laboratory was accompanied
with a set of four coupons of each bar size. The tensile strength of the coupons
was measured in accordance with ASTM A370. At least three of the coupons
were tested for each bar size. The tensile strength of the longitudinal and

transverse reinforcement for Series I, I, and M test specimens are summarized in

Table 3.6.
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Table 3.6. Steel reinforcement material properties.

Beam Name Bar Type Yield Strength
long. | vert. | horz. £, £, £,

M-03-4-CCC2436 #11 #5 #5 67 61 61
M-03-2-CCC2436 #11 #7 #5 65 63 63
M-03-4-CCC0812 #11 #5 #5 65 64 63
1-03-2 #6 #4 #4 73 67 67
1-03-4 #6 #3 #4 73 73 67
1-02-2 #6 #4 #4 73 67 67
1-02-4 #6 #3 #4 73 73 67
11-03-CCC2021 #11 #5 #5 64 65 65
11-03-CCC1007 #11 #5 #5 64 65 65
I1-03-CCT0507 #11 #5 #5 66 71 71
I11-03-CCC1021 #11 #5 #5 66 71 71
I11-02-CCT0507 #11 #5 #4 69 64 63
11-02-CCC1007 #11 #5 #4 69 64 63
11-02-CCC1021 #11 #5 #4 69 67 62
I11-02-CCT0521 #11 #5 #4 69 67 62

f

M
it

, = yield strength of longitudinal reinforcement measured per ASTM A370
f,, = yield strength of vertical transverse reinforcement measured per ASTM A370

o f,, = yield strength of horizontal transverse reinforcement measured per ASTM A370

342 Concrete Mixture Design
Typically, TXDOT engineers specify the compressive strength of concrete
used for a bent to be in the range between 3600 to 5000-psi. As a result, the
specified compressive strength of concrete used for the experimental program was
designed to be within the same range. The actual measured compressive strength
of concrete ranged between 3120 and 5330-psi. Concurrent with the placement of
concrete for each beam, standard 4”x8” cylinders were prepared in accordance

with ASTM C31 and tested in accordance with ASTM C39. Proportions of the

concrete mixture are presented in Table 3.7.
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Table 3.7. Concrete mixture proportions

Material Quantity
Type I Portland Cement 300 to 317 Ib/cy
Fly Ash 79 to 83 Ib/cy
CA: %” or 1” River Rock 1800 to 1850 Ib/cy
FA: Sand 1370 to 1515 Ib/cy
Water 29 to 31 gallons/cy
HRWR* Admixture 15 to 20 oz/cy
Set Retardant Admixture 6 oz/cy
Water/Cement Ratio 0.62t00.68
Slump 4 to 8 inches

* HRWR: High Range Water Reducing (i.e. Superplasticizer)

Construction of Specimens

The concrete used to fabricate the beams specimens was provided from a
local ready-mix supplier. Upon the arrival of concrete at the Ferguson Laboratory,
a slump test was conducted according to ASTM C143. If necessary, additional
water was added to increase the slump to approximately 6 + 2-inches. In all of the
cases where water was added, the additional amount did not exceed the amount of
water that was held back at the batch plant (as indicated on the batch tickets).
Twelve to twenty 4-inch diameter cylinders were prepared in accordance with
ASTM C31. The cylinders were covered with a plastic sheet and cured under the
same ambient conditions as the beam specimens.

Large-scale beams could be fabricated relatively quickly and with accurate
dimensional tolerances due to the use of steel formwork. All specimens were
fabricated using the same steel formwork. External pneumatic vibrators attached
to a bracket that moved along the length of the formwork were used to consolidate
the concrete. After the placement of concrete, the beams were covered with a
plastic sheet and cured under the ambient laboratory conditions. An illustration of
the fabrication procedure from assembly of reinforcing cages to removal of

formwork is presented in Figure 3-17.
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Figure 3-17. Fabrication of a typical beam: (a) assembly of reinforcement

cage (b) placement of cage in formwork (c) forms in place prior to concrete
placement (d) placement of concrete (¢) beam curing (f) test specimen after

the removal of forms.
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3.5  TESTING OF SPECIMENS

Beams were loaded in 50 to 75-kip increments with a 6-million pound
capacity double-acting hydraulic ram. After each load increment, cracks were
marked and the width of the widest diagonal shear crack on each face of the beam
was recorded. Photographs were taken after each load increment and the entire
test was recorded with a video camera.

Each end of each beam was tested, resulting in two tests per beam. This
was made possible by securing the inclined crack at the failure location with an
external, post-tensioned, clamp. After a shear failure was attained, external post-
tensioned clamps were installed to strengthen the inclined failure crack. After
securing the failure crack, the hydraulic actuator was moved to the opposite span
of the beam and positioned based on the desired a/d ratio. An illustration of the
process of testing one side of a beam; securing of the failure zone with clamps;

and testing the other side is presented in Figure 3-18.
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Figure 3-18. Each end of a beam is loaded to failure resulting in two tests: (a)
shear failure is attained in Test Region A (b) external post-tensioned clamps

in place and shear failure is attained in Test Region B.

The test specimens can be considered as upside-down simply supported
beams subjected to an asymmetric concentrated load. Therefore, the tension
reinforcement was located along the top-side of each beam, and the compression

reinforcement along the bottom. The applied force, load, was applied upward
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from the bottom of the beam and the supports were at the top, resisting the
upward movement.

The orientation of the beam was taken into account when determining the
amount of shear the beam was resisting. Load cells were positioned at the
supports (i.e. on top of the transfer beam), so they were only able to measure the
amount of applied live load, P,. The weight of each transfer beam, P,,, was
approximately 7.7-kips. The amount of internal shear resisted by the beam varied
along the length due to its self weight, w,,. Location and determination of the

critical shear force, V,,,,, is illustrated in Figure 3-19.
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P+ Pp+ 2P

L-a

al2

-—
—— Viest = Wp (L + @/2) + Ry + Ppg

WHERE, P,=R, +Ry L = 255.25" Wyeygs = 1.80 Kiplft

Py=wy (2L, +L)  L,=38.375 Wy = 0.92 kip/ft

P.s = 7.7 kip Wayaq = 0.96 Kip/ft

Figure 3-19. Force and shear force diagram for typical beam test.
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The shear at the critical section is determined based on the reaction
measured directly from the nearby load cells. The critical shear in the beam is
equivalent to the reaction in the near support, R,, plus the weight of the transfer
beam, P, and a portion of the self weight of the specimen, w,, (L, + a/2).
Section 3.5.3 presents additional information on the load cells.

It is important to note that photographs and figures presented in this
document are typically presented upside-down so that the beams are viewed in a
conventional manner; i.e. with the tension steel at the bottom of the beams and the
load applied from the top. Details on the photograph location are presented in

Figure 3-20.

(a) VAR ) kip
10.77f b, d
0.19 f “b,d

Picture Location. ——

Figure 3-20. (a) Photographs are orientated upside-down in order to present

test results in a conventional manner; (b) actual picture location.

3.5.1  Strain Measurements: Reinforcing Bars
Strain gauges were affixed to the transverse and longitudinal

reinforcement (Figure 3-21).
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Figure 3-21. Installation of strain gauge for measuring steel strains.

The location of the gauges for Series I and II specimens is illustrated in
Figure 3-22. The 36”x48” Series M beams had internal gauges located in similar
locations; more detailed information regarding the Series M beams is presented

by Huizinga (2007).
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Figure 3-22. Series I and II typical strain gauge locations.

The locations of strain gauges attached to stirrups were based on the

assumed centerline of the inclined strut. The purpose of locating a gauge along the
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strut centerline is to measure steel strains at or close to the primary diagonal
splitting crack. Four stirrups were instrumented within the test regions of the
Series I beams. In each of these locations, both external and internal stirrups legs
were instrumented. None of the Series II beams contained internal stirrups. For
Series I beams, both legs of each stirrup shown in Figure 3-22 were
instrumented.

The maximum longitudinal reinforcing bar strain was measured at the
bottom-most longitudinal bar directly below the load point. All six of the bottom
longitudinal bars were instrumented for specimens II-03-CCC2021 and II-03-
CCC1007. For all other tests, every other bottom bar was instrumented. The
purpose of providing gauges along the longitudinal tension steel was to monitor
the yielding of the longitudinal reinforcement (if any) as the beam was loaded to
failure in shear. With regard to the Series I specimens, it was of interest to
measure the amount of tension force that was being distributed to the internal
longitudinal bars. Recall, Anderson and Ramirez (1989) reported that beams with
multiple leg stirrups were more effective at evenly distributing tension to the
internal longitudinal reinforcement (Section 2.6.4.3).

Finally, all twelve of the #11 bars were instrumented at the back face of
the CCT node for the following two specimens: I1I-1.85-02 and III-1.85-025. The
depth of the back face of a CCT node is commonly assumed equivalent to twice
the distance from the exterior of the beam to the centroid of the tension
reinforcement (Section 2.3). Often times, the distance is quite small; resulting in a
small area to resist the applied force assumed from a STM. By measuring the
internal straining of the bars, the amount of stress applied to the back face of the
CCT node could be quantified. Similar strain measurements were taken from
strain gauges applied to the concrete’s surface. A description of the concrete

gauges follows.
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3.5.2  Strain Measurements: Concrete Surface
Strain gauges were affixed to the beam’s surface to measure the change in

strain (Figure 3-23).

Figure 3-23. Installation of a concrete surface gauge for measuring concrete

strains.

The back face of CCT nodes were instrumented with strain gauges for all
of the Series I specimens and the following specimens within Series II and III: 1I-
03-CCT1021 and I1-03-CCT0507; 11I-1.85-00, III-1.85-02, and III-1.85-025. The

location of these concrete gauges is illustrated in Figure 3-24.
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Figure 3-24. Concrete strain gauge locations
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The purpose of measuring external strains was to verify the modeling
assumption used to proportion the back face of a CCT node. By measuring the
concrete strain, the accuracy and conservatism of hydrostatic and non-hydrostatic
node geometry assumptions could be examined. The strain gauges affixed to the
reinforcement at the CCT back face (Section 3.5.1) were located in the same

plane as the surface gauges in order to compare the values from the two locations.
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3.5.3 Load and Displacement Measurements
500-kip capacity load cells were placed between the transfer beam and the
reaction nuts at all twelve of the rod locations (Figure 3-25). Therefore, it was
possible to directly measure the load reaction at each support. Figure 3-25

illustrates the position of the load cells on top of a transfer beam.

)@rtlcal Reaction \)
Rods [

Reacn?n Nuts::

500 Kip' £*
Load Cel!s
‘\

'.Llransfer

=

P}ﬁ il M&%ﬁ)g '
Figure 3-25. Load cells measure the reaction in each rod.

Four 6-inch linear potentiometers were used to measure the displacement
of a beam during testing. Linear potentiometers were located at the supports, load
point, and centerline of the beam. The locations of the linear potentiometers are
shown in Figure 3-26. A photograph of the linear potentiometer used to measure

the load plate displacement is presented in Figure 3-27.
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/<Linear Potentiometer Locations\

Figure 3-26. Linear potentiometer locations.

Figure 3-27. Linear potentiometer used to measure the displacement at the

load point.

The purpose of the linear potentiometers was to measure the deflections of
the beam specimens due to shear and flexural stresses. The test specimens also
underwent rigid body motion as they were lifted off their supports and as the 3-
inch vertical reaction rods elongated. The displacement measured at the supports
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was used to subtract the rigid body motion from the beam deformations. An
illustration of the rigid body motion and beam deformation is presented in Figure
3-28. The beam displacement at the location of the load, 4,,,,,, was determined

according to Equation 3-1.

Reaction
Point

< Reaction

4 NEAR

Load

Point
ol L (1-a)L

1 1

Figure 3-28. Diagram of beam displacements due to rigid body motion and

flexural and shear deformations

Aporr = Apap + (1= ) (Aypur = Apar) Equation 3-1
ABEAM = ALOAD - ARBM
Where,
Appy = Displacement due to rigid body motion
Aypar = Recorded displacement at near reaction point
Apar = Recorded displacement at far reaction point
Aoup = Recorded displacement at load point
Appan = Displacement due to flexural and shear deformations

3.54  Serviceability Data
Serviceability data was collected from all of the specimens tested as part
of the experimental program. The serviceability information that was collected
included: the load at which the first diagonal crack formed; and the width of the

maximum diagonal crack measured at each load increment.
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Two separate measurements of the maximum diagonal crack were taken
after each load increment on both faces of the test region using a crack
comparator card. The maximum diagonal crack widths presented in this document
are measured at both the north and south face of a specimen. The values are an
average of the two measurements taken at each load increment.

The first diagonal crack was measured both by visual observation and
from data obtained from strain gauges affixed to the stirrups. The beam was
inspected after each load increment. In general, the first diagonal crack formed at
a 45-degree angle with respect to the load plate. Strain gauge data was used to
more accurately determine the shear at which the crack formed. Upon
examination of the data, the first cracking load was recorded at the point in time
when the stirrup strains increased significantly. The visual observation of the first
cracking load was used to verify the more accurate results determined from the
strain gauges. The recorded first cracking load for Specimen I-02-2 is presented

in Figure 3-29 along with the subsequent strain gauge data.
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Figure 3-29. Visual and experimental determination of first cracking load.

111



When a specimen was loaded to failure, the untested side of the beam was
subjected to loads that were approximately 40-percent of the ultimate capacity.
Therefore, it was only possible to measure the first cracking load for the first test
conducted on each beam. Results from tests that were conducted as the second
test of a beam are denoted as pre-cracked in order to indicate that cracks were

present prior to testing.

3.6 SUMMARY

The test setup, design of test specimens, reinforcing bar details, material
properties, and information on the instrumentation used to gather data are
described in this chapter. In order to accomplish the goals of the current study,
beams of significant size were designed and fabricated. These beams are more
representative of actual transfer girders and bridge bents used in practice. The
strength of such large-scale beams necessitated the use of a high-capacity testing
frame. As a result, the base platen of a 6-million pound testing frame was
salvaged and utilized in the test setup of the current research study.

A total of 12 tests were conducted on the Series I and Series II beams; 20
tests were conducted on the Series III and Series IV beams; and 5 tests were
conducted on the Series M beams. Strength and crack width (i.e. serviceability)
data was collected during the testing of all specimens. The beams tested as part of
the current study represent some of the largest deep beam shear tests ever
conducted. The difference in specimen size between the current and past studies is
illustrated in Figure 3-30 and Figure 3-31. Bent caps used in the State of Texas
are illustrated in Figure 3-30 alongside beams that have been fabricated and tested
as part of the current and past research projects. A comparison between all beams
in the collection database and the beams of the current study is presented in

Figure 3-31.
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Figure 3-30. Comparison of actual bent caps and beams included in current

and past research programs.
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Figure 3-31. Comparison of beams sizes between current and past studies.

Details and discussion of results for Series I and II specimens are
presented in Chapters 4 and 5 respectively. Information on Series III and IV

specimens are presented by Birrcher (2008).

113



CHAPTER 4

Distribution of Stirrups across the Web

4.1 OVERVIEW
The purpose of the Series I and M testing programs were to evaluate the
benefit of distributing stirrups across the web for beams subjected to deep beam
shear. In order to accomplish this objective, six tests were conducted on the three

beams illustrated in Figure 4-1. All pertinent details of the test specimens are

presented in Table 3.5.

a/d=1.84 } i‘ ! {a/d 1.84

1-03-2 (Test #1 1-03-4 (Test #2
2 Legs 4 Legs
Py =Py =0.3% Py =Pn=0.3%
a/d=1.84 } I ! {a/d =1.84
102-2 (Test#1) " 1:02-4 (Test #2)
2 Legs 4 Legs
Py=Pn= 0.2% Py =Pn~= 0.2%
- -
Flexural Yielding z
test Halted " ja= 185 | | | ad=185
M-03-2-CCC2436 M-03-4-CCC2436
2 Legs 4 Legs
py=pn=0.3% Py =Py =0.3%

Figure 4-1. Summary of tests: 2 versus 4 stirrup legs

The test specimens illustrated in Figure 4-1 were designed and detailed
such that the only variation between each side of a beam was the number of
stirrup legs distributed across the web. For each beam, the transverse
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4.2

reinforcement ratio (p, and p,) and stirrup spacing were kept the same. Details on
the design, fabrication and testing of the Series I and M test specimens are given
in Chapter 3. The stirrup configuration was selected in order to evaluate the
AASHTO LRFD (2008) provision described in Section 2.6.4. In summary, the
provision limits the width of a strut framing into a CTT node to six times the
diameter of the main longitudinal reinforcement. Based on this requirement,
Series I specimens that contain two stirrup legs have an effective strut width of
5.6-inches on each side of the beam (Figure 4-2). If a designer wishes to utilize
the full beam width, then four stirrup legs must be provided. Cross sectional
details of the specimens that contain stirrups with two and four legs are illustrated
in Figure 4-2.

11d
12d, , , <—L2>1— Available Strut Width
<—=—Available Strut Width 6d£) !

S>{<— AASHTO Limitation {1 AASHTO Limitation

: 44" 48”

O0O0O0000

O0O00000

0000000

21” 10.6” | 36" |

Two Legs Four Legs Two Legs Four Legs
Series I Test Specimens Series M Test Specimens

Figure 4-2. Effective strut width of a two-leg vs. a four leg specimen.

Strength and serviceability data was collected for each test. An analysis of

the data and a discussion of the results are presented as follows.

RESULTS OF SERIES I AND M TESTS
A shear failure can be characterized as either a one-panel (deep beam) or
two-panel (sectional shear) mechanism as described in Section 2.2. For low a/d

ratios, the crushing of a single strut dominates the failure mode. For high a/d
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4.2.1

ratios, the splitting in tension of a multi-panel truss model is the primary failure
mode. As seen in Figure 4-1, the a/d ratio was approximately 1.85 for all six tests.
This shear span-to-depth ratio is within the transition region between a single-
panel (crushing) mode and a double panel (splitting) mode. An illustration of
these two failure modes is presented in Figure 2-6 and Figure 2-7 respectively.
For the purpose of comparison, the reported shear capacity is normalized by the
compressive strength and the square root of the compressive strength of concrete
at the time of testing (Table 4.1).
Table 4.1. Test Results: Series I and M

Specimen 1D fc, ‘ItestJr Kest Vf@” Vcrack M
| esh | kip) | 7 pd | fb,d| &ip) | [f b.d

1-03-2 5240 569 9.7 0.13 144 2.5
1-03-4 5330 657 11.1 0.15 - -
1-02-2 3950 454 8.9 0.14 121 24
1-02-4 4160 528 10.1 0.16 - -
M-03-2-CCC2436 | 4900 | 1096' 10.9 0.16 - -
M-03-4-CCC2436 | 4100 1128 12.2 0.19 354 3.8

" See Section 3.5 for determination of critical shear value, V,,,
f  Test was stopped prior to failure of the specimen due to the onset of yielding of the
tensile reinforcement and crushing of concrete in the compression zone

It is important to note that Specimen M-03-2-CCC2436 did not experience
shear failure. The test was halted upon the onset of yielding of the flexural tensile
reinforcement and crushing of the concrete in the compression region. As a result,
the maximum shear value reported (V,,) in Table 4.1 is the amount of shear
carried in the beam upon the onset of flexural failure. Specimen M-03-2-
CCC2436 is not a valid deep beam shear test. Nonetheless, results are reported for
this specimen because they are note-worthy with regard to a 36-inch wide deep

beam reinforced with two and four stirrup legs.

Normalization of Shear Values
In order to compare the capacity of different test specimens with one

another, the shear values are normalized by the cross-sectional dimensions and the
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4.2.2

strength of concrete. In general, strength values are normalized by either the
compressive strength of concrete (i.e., dividing the value by f.") or by the tensile
strength of concrete (i.e., dividing the value by \/f ) depending on the
mechanism of failure.

For deep beam tests conducted as part of the current experimental
program, cracking patterns at failure indicated that a direct strut was the
predominant mechanism for shear transfer and the mode of failure. Parallel cracks
between the load point and support delineated the boundary of the strut. Crushing
occurred in the compression region adjacent to the load point and along the strut.

Thus, normalizing strength values by the compressive strength of concrete is more
appropriate than normalizing by the tensile strength of concrete (\/f ).

The load at which the first diagonal crack formed was normalized by the
tensile strength of concrete or \/f . Diagonal cracking is a result of the tensile
splitting of concrete within the test region. Thus, it is more appropriate to

normalize these values by the tensile strength of concrete (4/f.").

Shear Capacity

The shear capacity of the four Series I specimens is presented with the
final cracking patterns in Figure 4-3. The side of each beam with two stirrup legs
was tested first; the side with four stirrup legs was tested second. Therefore, the
specimens that contained four stirrup legs are denoted as pre-cracked to indicate
that cracks were present prior to testing. Additional discussion on the Series M
tests are presented by Huizinga (2007).

The crack patterns at failure as shown in Figure 4-3 indicate that a direct
strut or single-panel mechanism was the predominant mechanism for shear

transfer and the mode of failure.
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Figure 4-3. Series I test specimens at failure.



The normalized capacity of the Series I specimens varied between 0.13
and 0.16fb,d (Table 4.1). In order to quantify the expected range of scatter
associated with shear testing, the results from ten similar beams are compared to
one another. All of these beams have been tested as part of the current
experimental program and are presented in Appendix E. Other than the transverse
reinforcement ratio, all of the other pertinent variables are identical: web width,
depth, a/d ratio, bearing plate sizes, and longitudinal reinforcement ratio.
Complete details are presented in Table 3.4. The range of scatter in shear capacity

that can be expected from similar tests is illustrated in Figure 4-4.

a/d=1.85; b,=217; d=38.6"; p,=0.023
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Figure 4-4. Comparison of shear capacity for similar test specimens.

Given that the range of strength values for the Series I tests are within the
range of scatter associated with essentially identical shear tests (Figure 4-4), it can
be concluded that distribution of stirrups across a web does not have a significant
influence on the shear capacity.

A similar conclusion can be reached based on examination of the two
Series M test specimens. The test with four stirrups leg, M-03-4-CCC2436, had a
normalized shear capacity of 0.19-f."-b,-d and the maximum shear carried for the
beam with two stirrup legs was 0.16-f."-b,-d. Again, based on the range of scatter
in shear capacity for 21”x44” specimens (Figure 4-4), it can be inferred that the
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difference in shear capacity between the two 36”x48” specimens was trivial. As a
result, stirrup distribution did not appear to have an influence on the capacity of a
36-inch wide deep beam.

Additionally, increasing the amount of transverse reinforcement from
0.2% to 0.3% in each direction did not significantly influence the strength of the
test specimens. This is expected for a beam in which the predominant shear
transfer mechanism can be idealized with a single-panel truss model. In other
words, the capacity of a single-panel truss model is directly related to the strength
of the concrete strut and nodal regions rather than the quantity of transverse

reinforcement.

Effectiveness of Longitudinal Tension Reinforcement

Anderson and Ramirez (1989) tested the effectiveness of distributing
stirrups across a beam’s web for 16”x16” specimens (Section 2.6.4). The
researchers concluded that stirrups should be distributed across the web. The main
justification for their recommendation was the observation that strains on interior
longitudinal bars were higher for beams with distributed stirrups than for those
without. Note, the research conducted by Anderson and Ramirez (1989)
investigated the effect of distributed reinforcement on the behavior of beams
loaded in sectional shear (a/d = 2.65). Stirrups are more effective in a sectional
shear region (i.e. multiple-panel truss model) than a deep beam region (i.e. single-
panel truss model). Series I beams were loaded in deep beam shear (a/d = 1.85).
Thus, stirrup distribution is expected to have an even lesser effect on the behavior
of these specimens.

In concurrence with Anderson and Ramirez (1989), the magnitudes of the
strains at the outer-most layer of the longitudinal bars were measured. The strain
data is presented in Figure 4-5. Upon examination of the strain data presented in
Figure 4-5, it can be concluded that the detailing of stirrups had no influence on

the distribution of longitudinal strains for the Series I test specimens.
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Figure 4-5. Measured longitudinal strains within the outermost layer of tension reinforcement
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Serviceability Performance

First cracking and crack width data was collected from Series 1 test
specimens. It was not possible to compare the first cracking load of specimens
with two stirrup legs to those with four stirrup legs because both tests were
conducted on opposite sides of the same beam. In other words, the second test
region was pre-cracked during the first test. Therefore, the first cracking load was
collected from both of the specimens with two stirrup legs (I-02-2 and 1-03-2).
The specimens with four stirrup legs are denoted as pre-cracked because they had
experienced approximately 40% of their ultimate capacity prior to testing.

The first cracking load for all specimens (Table 4.1) was above the
minimum value attributed to the diagonal tensile strength of concrete (i.e. 2
\/fT'bwd). In order to quantify the expected range of scatter associated with the
first cracking load, the results from six similar beams are compared to one
another. The results for these beams are taken from the current experimental
program and are presented in Appendix E. Other than the transverse
reinforcement ratio, all of the other pertinent details are identical. The range of
scatter associated with the first diagonal cracking load for similar specimens is

presented in Figure 4-6.
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Figure 4-6. Comparison of first cracking load between similar test specimens.

Since the difference in cracking load between Specimen 1-02-2 and 1-03-2
is within the range of scatter associated with otherwise similar specimens, it can
be concluded that the quantity of transverse reinforcement did not have a notable
influence on the first cracking load. For additional discussion relating the first
cracking load to the applied service level stress, refer to Birrcher (2008).

Crack patterns at approximately 90% of capacity and corresponding crack
width data are presented in Figure 4-7 for specimens with 0.3% transverse
reinforcement in each direction and in Figure 4-8 for specimens with 0.2% in each
direction. The crack widths measured on each beam face are presented at
individual load increments and normalized by the ultimate capacity of the
specimen. The purpose of presenting the crack data in Figure 4-7 and Figure 4-8
is to present a relative comparison between specimens with two and four stirrup
legs. For information with regard to an acceptable crack width and corresponding

serviceability load level, refer to Birrcher (2008).
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Upon a comparative examination of the crack width data and crack maps
of specimens with 0.3% transverse reinforcement in the vertical and horizontal
directions (Figure 4-7), the following conclusion can be reached: the
serviceability performance of beams with two stirrup legs in equivalent to those
with four stirrup legs.

Upon an examination of the crack width data and crack maps of
specimens with 0.2% transverse reinforcement in the vertical and horizontal
directions (Figure 4-8), the following conclusion can be reached: specimens
detailed with four stirrup legs demonstrated narrower diagonal crack widths with
more crack distribution compared to specimens detailed with two stirrup legs.

Similarly, crack width data for the Series M specimens is presented in
Figure 4-9. Cracking data for the specimens presented in Figure 4-9 is not
normalized by their shear capacity, as Specimen M-03-2-CCC2436 did not

experience a shear failure. Additional details are presented by Huizinga (2007).
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Figure 4-9. Shear carried in a test specimen versus the corresponding

maximum diagonal crack width.

Upon examination of the crack width data presented in Figure 4-9 it can

be concluded that the serviceability performance for these beams was not
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detrimentally affected by reducing the distribution of stirrups from four to two
legs across the web.

The objective of the Series I and M testing programs were to investigate
the strength and serviceability effects caused by the distribution of stirrups across
the web. For additional information relating the quantity of transverse
reinforcement to the corresponding serviceability behavior, refer to Birrcher
(2008). The author discusses the effects of transverse reinforcement and makes

recommendations as to the minimum required amount.

Evaluation of Specimens with Current Code Expressions

A comparison between the experimental shear strength and nominal
capacity calculated per the ACI 318-08 and AASHTO LRFD (2008) STM
provisions is illustrated in Figure 4-10 for both a one-panel and two-panel truss
model. The values were normalized by the compressive strength of concrete at the
time of testing. The difference in the estimations obtained from one-panel truss
models is attributed to the different efficiency factors specified in the ACI 318-08
and AASHTO LRFD (2008) provisions. The strength estimations obtained with a
two-panel truss model were the same for the ACI 318-08 and AASHTO LRFD
(2008) provisions as the estimate is governed by the yield capacity of the vertical

tie (i.e. stirrups).
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Figure 4-10. Comparison of experimental capacity with ACI 318 and
AASHTO LRFD one and two-panel STM calculations.

Upon comparison of the experimental and estimated capacities presented
in Figure 4-10, it can be concluded that the shear capacity estimated by the ACI
318-08 and AASHTO LRFD (2008) STM provisions was conservative for beams
that contained 0.2% and 0.3% reinforcement. In addition, both provisions
estimated similarly conservative capacities regardless of whether or not two or
four stirrup legs were provided.

The difference between experimental and calculated shear capacities
presented in Figure 4-10 illustrates the inappropriateness of using a two-panel
truss model in a deep beam region. The nominal capacity calculated using a two-
panel model was approximately five times less than the actual capacity. Also, the
failure of the Series I specimens was preceded by the crushing of concrete near
the load plate and along the strut (Figure 4-3). This type of behavior is better
represented by a one-panel STM. As a result, the nominal capacity calculated

using a one-panel model was more appropriate.
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This point can be illustrated with the following example presented in

Figure 4-12.
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Figure 4-12. Comparison between one and two-panel STM: per ACI 318.

For the example shown, the capacity of a two-panel STM is controlled by
the vertical tie if the transverse reinforcement ratio is less than 1.1%; an
unrealistically high percentage. In other words, the capacity of the preceding D-
region is usually controlled by the capacity of the vertical tie when modeled with
a two-panel STM.

For this example, in order for the capacity calculated from a two-panel
truss model to govern over that calculated from a one-panel truss model, a vertical
reinforcement ratio of over 0.6% would have to be provided; a fairly large
amount. In general, a one-panel truss is more appropriate than a two-panel truss

when modeling a deep beam region (a/d < 2) with a STM.
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SUMMARY

The purpose of the Series I testing program was to investigate the benefit
gained from distributing stirrup legs across the width of a deep beam; from both a
strength and serviceability standpoint. Four tests were conducted on beams with a
217x44” cross-section and a shear span-to-depth ratio of 1.85. Stirrup details with
two or four legs were investigated, for transverse reinforcement ratios of 0.2%
and 0.3%. Based on the test results, the following conclusions are reached:

* The use of additional stirrup legs across the width of the web did not

have a significant influence on the strength of a specimen.

* The use of additional stirrup legs across the width of the web did not
have a significant influence on the serviceability performance of
beams with at least 0.3% transverse reinforcement in both the
horizontal and vertical directions.

* The use of additional stirrups across the width of the web improved the
serviceability behavior of beams reinforced with 0.2% transverse
reinforcement in both the horizontal and vertical directions.

The current research program is the first to investigate the influence of
stirrups with multiple legs on the strength and serviceability behavior of deep
beam regions (a/d < 2). From a theoretical standpoint, the quantity and detailing
of stirrups does not have a significant impact on the strength of a deep beam
region as the ultimate capacity is controlled by a direct strut forming between the
load and support plates. Therefore, the data obtained from the testing of the Series
I beams are justified from both a theoretical and experimental standpoint.

As for serviceability behavior, the quantity and detailing of transverse
reinforcement has been observed to have a more pronounced influence on crack
widths as the a/d ratio transitions from deep beam to sectional shear behavior
(Birrcher 2008). Based on data from the Series I tests (a/d = 1.85), the detailing of
stirrups did not affect crack width behavior provided a reinforcement ratio of at

least 0.3% in the horizontal and vertical direction was present.
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The impetus for this research task was to evaluate the AASHTO provision
that limits the width of a CCT node in a deep beam. Based on the findings of the
experimental program, the AASHTO LRFD (2008) provision was found to be
inappropriate. The provision only is applicable when a multiple panel truss model
is used. However, a single panel model is generally more appropriate when the
a/d ratio is less than two. Additionally, if a two-panel STM is used to model a D-
region, the capacity of the interior vertical tie force is typically likely to govern.
This further illustrates the inappropriateness of the provision.

From a serviceability standpoint, a difference in behavior was not
observed for both the 21-inch or 36-inch wide specimens provided the specimens
contain 0.3% transverse reinforcement in the vertical and horizontal directions. As
such, the width limitation at the CTT strut-to-node interface should be removed

from the AASHTO LRFD Bridge Design Specifications (2008).
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CHAPTER 5
Triaxially Confined Nodal Zones

OVERVIEW

The purpose of the Series II testing program was to evaluate and quantify
the benefits provided by triaxial confinement in the nodal regions of a beam
subjected to deep beam shear. To achieve this goal, five beams were fabricated
and tested in the Ferguson Structural Engineering Laboratory. Two ends of a
beam were tested resulting in a total of ten tests. Eight tests were conducted on
beam specimens with a 21”x42” cross-section. Two tests were conducted on
larger beams with a 36”x48” cross-section (Series M). As explained earlier, Series
M beam specimens were designed as multiple purpose test specimens. Two tests
conducted on Series M test specimens relate to triaxially confined nodes.
Therefore, the results of these tests are included in the comparative analysis
presented in this chapter.

Within the Series II testing program, most of the details of the beam
specimens were kept constant. The primary experimental variables were the size
of the load and support plates and the amount of transverse reinforcement. The
two transverse reinforcement ratios that were investigated were 0.3% and 0.2% in
the vertical and horizontal direction. For the experimental program, the length of a
bearing plate is defined as the dimension of the plate measured along the span; the
width of a bearing plate is defined as the dimension measured transverse to the
span. All plate dimensions are reported with the length-dimension first, then the
width-dimension (i.e. length x width). Details of the fabrication and testing of the
Series II and Series M beams are included in Section 3.1.2. A summary of the ten

tests is illustrated in Figure 5-1 and 5-2.
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Figure 5-1. Summary of tests within Series II: 21’x42” specimens.
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Figure 5-2. Summary of tests within Series M: 36”’x48”’ specimens.

Note, for three of the CCT nodal tests shown in Figure 5-1, the size of the
non-critical load plate (CCC node) was 36”x21”. A very large load plate was
purposely selected in order to ensure that the CCT nodal region would be critical.
The non-critical load plate for specimen II-02-CCT0521 was smaller (207x217).
However, it was large enough to ensure that the CCT nodal region was critical as
evident from the shear capacity and serviceability performance of these test
specimens (Sections 5.2.1 and 5.2.2).

Currently, STM provisions in ACI 318-08 and AASHTO LRFD (2008) do
not explicitly allow the designer to increase the permissible concrete compressive
strength at all nodal faces when triaxial confinement due to surrounding concrete
is present. The strength of a beam calculated using STM provisions is directly
related to the size of the nodal region; which is a function of the bearing plate
size. As a result, designers have a great difficulty in satisfying the stress limits of
a deep beam that is loaded by or supported on bearing plates much narrower than
the beam. It is important to point out that the use of bearing pads narrower than

the width of a deep beam is common in design practice, particularly for bent caps.
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RESULTS OF SERIES II AND SERIES M TESTS

In order to address the research objective related to triaxially confined
nodes, strength and serviceability data was collected for each test. A summary of
the strength results and first diagonal cracking loads are presented for Series II
and M beams in Table 5.1. Values are normalized by the compressive strength
and square root of the compressive strength of concrete in the same manner as
described in Section 4.2.1. First diagonal cracking loads are not presented for the
second test conducted on each specimen.

Table 5.1. Test Results: Series I1

. fc, Vtest Vtest Vcrack M f% i

SpecimenD- | 6y | &ip) | 77 b,a | ®ip) | J7ibd | S
I1-03-CCC2021 | 3290 | 500 0.19 139 30 0.50
I1-03-CCC1007 | 3480 | 478 0.17 - - 2.71
I1-02-CCC1007 | 3140 | 335 0.13 - - 2.11
I1-02-CCC1021 | 4620 | 329 0.09 132 24 047
II-03-CCT1021 | 4410 | 636 0.18 - - 0.69
I1-03-CCTO0507 | 4210 | 598 0.18 146 2.8 4.05
I1-02-CCTO0507 | 3120 | 401 0.16 94 2.1 3.68
I1-02-CCTO0521 | 4740 | 568 0.15 - - 1.14
M-03-4-CCC2436 | 4100 | 1128 0.19 354 3.8 0.45
M-03-4-CCCO0812 | 3000 | 930 0.22 - - 4.55

f/f.” = maximum stress in bearing over specified concrete compressive strength
Shear Capacity
The shear capacity of the Series II specimens is presented with the
cracking patterns at failure in Figure 5-3 and Figure 5-4. Recall, two tests were
conducted on each beam specimen. The second test conducted on each specimen
is marked as pre-cracked to indicate that some cracks were present prior to

testing.
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Figure 5-3. Series II specimens with various bearing plate sizes at the CCC node at failure.
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Figure 5-4. Series II specimens with various bearing plate sizes at the CCT node at failure.



The crack patterns at failure (shown in Figure 5-3 and Figure 5-4) indicate
that the formation of a direct strut was the predominant shear transfer mechanism.
Parallel cracks between the load point and support delineate the approximate
boundary of the strut. Crushing occurred in the compression region adjacent to the
load point and along the strut. Therefore, normalizing the capacity values by the
compressive strength of concrete is more appropriate than the square root of the
compressive strength. Normalization is necessary to account for the unintended
differences in the compressive strength of concrete of the specimens at the time of
testing.

The normalized capacity of specimens with different support plate (CCT
node) dimensions varied between 0.15 and 0.18f."b,d (Table 5.1). This
difference is within the range of scatter associated with shear testing, as
previously illustrated in Figure 4-4. At failure, the stress applied to the bearing
plate was 0.7 to 1.1-f.” for cases in which the CCT nodes were unconfined; and
0.45 to 0.5-f.” for cases in which the CCC nodes were unconfined. For cases in
which confinement was provided at the CCT and CCC nodes, the applied bearing
stress was as high as 4.1 and 4.6-f.", respectively. Therefore, it can be concluded
that triaxial confinement allowed the application of bearing stresses much higher
than the compressive strength of concrete.

The difference in capacity between the beams supported on 57°x21” and
10”x21” support plates (Table 5.1) was also within the range of scatter associated
with shear strength data (Figure 4-4). This small difference indicated that a
reduction in the length of a full-width support plate for specimens with CCT
nodes that were not triaxially confined did not significantly influence the shear
capacity.

The normalized capacity of specimens with different load plate (CCC
node) dimensions varied between 0.09 and 0.19f.”b,d (Table 5.1). Such a
significant difference must be attributed to more than the scatter associated with

shear testing. Both load plate dimensions and reinforcement details varied among
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these specimens. In order to examine these tests further, the specimens are paired
based on their details and presented in Table 5.2. Table 5.2 presents pairs of
specimens considered nominally identical to each other in all aspects other than
the load plate size. Upon further examination, it can be concluded that the shear
capacity of the specimens where the CCC nodes were triaxially confined
benefitted from this triaxial confinement.

Table 5.2. Effect of Triaxial Confinement for CCC Specimens.

Specimen Comparison Load Plate Size N f”/ N
(1xw) f'.b.d e
M-03-4-CCC2436 24”x36” 0.19 0.45
M-03-4-CCC0812 87x12” 0.22 4.55
I1-03-CCC2021 207x21” 0.19 0.50
I1-03-CCC1007 107x7” 0.17 2.71
I1-02-CCC1021 107x21” 0.09 0.47
11-02-CCC1007 10”x7” 0.13 2.11

f/f.” = maximum stress in bearing over specified concrete compressive strength

The shear capacity was significantly influenced by the length of the load
plate. Upon comparison of specimens II-03-CCC2021 and II-02-CCC1021, it is
observed that a reduction in the length of an unconfined load plate from 20”x21”
to 10”x21” significantly reduced the shear capacity. It must be noted that both of
these specimens contained different amounts of transverse reinforcement (0.3%
versus 0.2%). However, it was previously illustrated in Figure 4-4 that the
differences in shear capacity associated with 0.3% or 0.2% transverse
reinforcement are small enough to be considered insignificant when taken in
context with the scatter associated with shear testing. Therefore, it can be
concluded that the length of an unconfined load plate at a CCC node has a
significant influence on the shear capacity of a deep beam. This phenomenon is
consistent with the principle of strut-and-tie modeling. That is, the capacity of a

D-region is related to the stress condition in the nodal regions. Providing a
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smaller, unconfined load plate results in much higher stresses. Thus, a lower

capacity is to be expected.

Serviceability Data
First cracking loads and crack width data were collected from Series II test
specimens. The initial diagonal cracking load was only recorded for the first test
conducted on each beam specimen. The measured first cracking load (Table 5.1)

was always above the minimum value attributed to the diagonal tensile strength of
concrete (i.e. 24/f." b, -d). Also, the difference in cracking load among the

Series II specimens was within the magnitude of scatter associated with otherwise
similar specimens (Table 4.6). Upon examination of the data summarized in Table
5.1, it can be concluded that the quantity of transverse reinforcement did not have
a significant influence on the first diagonal cracking load. For additional
discussion relating the first cracking load to the applied service level stress, refer
to Birrcher (2008).

Crack patterns at approximately 90% of capacity and corresponding crack
width data are presented in Figure 5-5 through Figure 5-8. The crack widths
measured on each face are presented at individual load increments and normalized
by the ultimate capacity of the test specimen. The purpose of presenting the crack
data in Figure 5-5 through Figure 5-8 is to present a relative comparison between
specimens with confined and unconfined bearing plates. For information with
regard to an acceptable crack width and corresponding serviceability load level,

refer to Birrcher (2008).
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Figure 5-5. Serviceability data for triaxially confined CCC nodes: Crack patterns and widths at approximately

90 % of capacity; 0.3% transverse reinforcement in each direction.
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Upon examination of the crack width data presented in Figure 5-5 through
Figure 5-8, the following observations can be made. For specimens reinforced
with a transverse reinforcement ratio of 0.3% in each direction, the size of the
load or support plate — triaxially confined or not — did not have a significant
influence on the serviceability behavior. For specimens reinforced with a
transverse reinforcement ratio of 0.2% in each direction, the serviceability
performance as quantified by crack patterns and widths was less regular or
predictable. Therefore, in terms of serviceability behavior as affected by bearing
plate size, a transverse reinforcement ratio of 0.3% in each direction provided a
more desirable and consistent performance.

The objective of the Series II testing program is to investigate the strength
and serviceability effects caused by the triaxial confinement in the nodal regions.
For additional information relating the quantity of transverse reinforcement to the
corresponding serviceability behavior, refer to Birrcher (2008). The author
discusses the effects of transverse reinforcement and makes recommendations as
to the minimum required amount.

Experimental vs. Calculated Capacities

A comparison between the experimental capacities and nominal capacities
calculated per the ACI 318-08 and AASHTO LRFD (2008) provisions is
illustrated in Figure 5-9 for the specimens with varying load plate dimensions at
the CCC node; and in Figure 5-10 for the specimens with varying support plate
dimensions at the CCT node. The values were normalized by the compressive
strength of concrete at the time of testing. The difference in the capacities
estimated by using the ACI 318-08 and AASHTO LRFD (2008) provisions is

attributed to the different efficiency factors for a single-panel truss model.
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Figure 5-9. Comparison of experimental capacity with ACI 318-08 and
AASHTO LRFD (2008) one-panel STM calculations: CCC specimens.

@ Experimental @ ACI/One-Panel Model m AASHTO/One-Panel Model

025 ST
.L/T
0.20
078
_ 0.18 0.16 One Panel
.10 0.15
v 0151 — 0
fc"bw-d Ol/lo o
0.06
0os L L =005
| ‘ 0.024 o1 0.02 9,01

-03-CCT1021  1I-03-CCT0507  1-02-CCT0507  1-02-CCT0521

Figure 5-10. Comparison of experimental capacity with ACI 318-08 and
AASHTO LRFD (2008) one-panel STM calculations: CCT specimens.

Upon examination of the experimental and calculated capacities presented
in Figure 5-9 and 5-10, the following observations can be made.

The AASHTO LRFD (2008) STM provisions are generally more
conservative than ACI 318-08. This is likely a result of the fact that the AASHTO
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LRFD (2008) efficiency factor at the CCT strut-to-node interface reduces as the
a/d ratio increases.

The calculated capacity of Specimen II-03-CCC1007 and II-02-CCC1007
was controlled by the efficiency of the strut-to-node interface at the CCC node.
The efficiency factor at this boundary is 0.85 according to AASHTO LRFD
(2008) and 0.64 according to ACI 318-08. Thus, for this case, ACI 318-08 is more
conservative than AASHTO LRFD (2008)

The nominal capacity calculated per the ACI 318-08 and AASHTO LRFD
(2008) provisions are overly conservative. The conservatism increases
substantially when small bearing plates that triaxially confine the CCC or CCT
nodes are provided. This is due to the fact that the capacity calculated by using a
STM is directly related to the size of the nodal regions (i.e. size of the bearing
plates). Based on these observations, it is proposed that the allowable stresses in

triaxially confined nodal regions be increased according to Equation 5-1.

m= A% <2 Equation 5-1
1
m = triaxial confinement modification factor

The definition of A, and A, is illustrated in Figure 2-28.

ACI 318-08 §10.14 and AASHTO LRFD (2008) Article 5.7.5 allow for an
increase in the bearing capacity of concrete when triaxial confinement is present
(Section 2.6.5). However, there is not a provision in place within the STM
provisions allowing for a similar increase in the capacity of all six nodal faces in a
STM. Thus, it is proposed that the allowable stress at each face of a triaxially
confined nodal region be increased by the factor specified in ACI 318-08 and
AASHTO LRFD (2008) allowing an increase in the bearing capacity of concrete
(Equation 5-1). The implications of increasing the capacity according to Equation
5-1 are presented in Figure 5-11 for ACI 318-08 and Figure 5-12 for AASHTO
LRFD (2008).
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The ratio of experimental to calculated capacities are presented for all

beams within Series II and M whose bearing plates were narrower than the width

of the beam (note, a value greater than one represents a beam whose nominal

design strength was conservatively estimated).

[ ACI 318 STM Calculation

[] ACI 318 STM Calculation w/ increase due to triaxial

confinement

—
N
1

Experimental Capacity
Calculated Capacity

-

| - -
o N S (o)} o0} o N
i I I I I I

Unnecessary —
Conservatism

Ny,
Ll

Conservative

M-03-4- 11-03- 11-03-

CCcCo0812 CcCcc1007 CCT0507 CCT0507

11-02-

11-02-
ccc1o07

Figure 5-11. Conservatism of ACI 318 STM calculation with and without an

increase in capacity due to triaxial confinement.
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without an increase in capacity due to triaxial confinement.
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Based on the data and results of calculations presented in Figure 5-11 and
5-12, it can be concluded that the proposal of increasing the permissible capacity
of triaxially confined nodal regions results in more accurate and adequately
conservative estimations. A similar comparison is conducted for all the beams in
the filtered database that have a bearing plate narrower than their width (i.e.
specimens with triaxially confined nodes). The results from these specimens are
illustrated in Figure 5-13 for ACI 318-08 and Figure 5-14 for AASHTO LRFD
(2008). Once again, it can be concluded that calculations that allow for an
increase in nodal capacity due to triaxial confinement are more accurate and

adequately conservative.
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Figure 5-13. ACI 318-08 STM calculations for all beams in database that

contain triaxially confined nodal regions (N = 21).
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Figure 5-14. AASHTO LRFD (2008) STM calculations for all beams in

database that contain triaxially confined nodal regions.

SUMMARY

The purpose of the Series II testing program was to investigate the effects
of triaxial confinement in CCC and CCT nodal regions. Two tests on a 36”x48”
beam specimen and eight on 217x42” specimens were conducted at a shear span-
to-depth ratio of 1.85. Two transverse reinforcement ratios were investigated:
0.2% and 0.3% in the vertical and horizontal directions.

Based on the results of the testing program, the following conclusions are

reached:

* A CCC or CCT node, triaxially confined by surrounding concrete, can
achieve bearing stresses much higher than the compressive strength of
concrete.

* Reducing the length of a full-width load plate at the CCC node
significantly reduced the shear capacity. Reducing the length of a full-
width support plate at the CCT node did not have a significant

influence on the shear capacity.
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* The serviceability performance of a deep beam (a/d = 1.85) was not
influenced by the size of the bearing plate at the CCC or CCT node,
nor was it influenced by presence or absence of triaxial confinement of
the bearing plate — provided that the beam contained a ratio of 0.3%
transverse reinforcement in each direction.

* For specimens that contained a ratio of 0.2% transverse reinforcement
in each direction, the serviceability behavior was more sensitive to the
bearing plate configuration and reinforcement details.

* Increasing the ACI 318-08 or AASHTO LRFD (2008) efficiency
factors prescribed at all nodal faces by the bearing capacity factor [i.e.
triaxial confinement modification factor, m, (Equation 5-1)], results in
more accurate STM calculations with less unnecessary conservatism
(Figure 5-11 through Figure 5-14).

The research program summarized in this chapter was the first to
investigate the influence of triaxial confinement on the shear capacity of
reinforced concrete deep beams. Based on the findings of this testing series, an
improved strut-and-tie methodology is proposed. Chapter 6 presents a new STM
design methodology that takes advantage of the triaxial confinement modification

factor.
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6.1

6.2

CHAPTER 6
STM Design Method

OVERVIEW

In a strut-and-tie model, the complex state of stress in a D-region is
idealized as a series of compression and tension members within a truss. When
establishing an STM design procedure, consideration is given to: simplicity;
coordination with experimental data; and coordination between the various design
provisions.

In developing an STM procedure, it is first necessary to explicitly define
the model. This step cannot be over-emphasized as the performance of a strut-
and-tie model and corresponding efficiency factors are intrinsically linked to the
geometry of the nodal regions. In addition, an evaluation of a STM procedure
must be made in a comprehensive manner. In other words, the entire procedure
must be considered as a whole. Often times, researchers in the past have made
recommendations for a single aspect of strut-and-tie modeling. However, the
efficiencies of each component are linked to one another.

Based on the preceding requirements, the approach taken in this study in
developing a STM method is to comprehensively evaluate the STM procedures
specified according to ACI 318, AASHTO LRFD, fib (1999), and TxDOT Project
4371. An established and consistent truss model is used in order to evaluate each
provision in an unbiased manner. The selection process used to determine this

standard truss model is outlined as follows.

SELECTION OF STRUT-AND-TIE MODEL

One of the benefits of strut-and-tie modeling is its versatility. The method
can be used for any structural configuration and results in a conservative design.
However, in part, because of the flexibility of strut-and-tie modeling, current
provisions lack explicit guidance and consistency. As a result, design engineers

often express apprehension towards these current STM procedures. Therefore, it
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is a goal of the research project to clearly define a STM procedure and alleviate
some of the confusion attributed to current methods.

Many types of discontinuities can be classified as D-regions. Common
examples of D-regions include: deep beams (e.g. transfer girders, bridge bents),
shear walls, corbels, post-tensioned anchorage zones, and pile supported footings

(pile caps). Examples of a few of these D-regions are illustrated in Figure 6-1.

7o) 14000004

O L /\\/ 1

n g 0

(a) Transfer Girder (b) Transfer Girder

!

; i B

(c) Corbel (d) Pile Cap

Figure 6-1. Examples of D-regions.

Truss models used to represent different types of D-regions may slightly
vary from one another depending on the type of structure. Consequently, a STM
procedure may yield different results based on the type of structure that is
analyzed. A STM procedure that is valid for different types of D-regions must be

based on well-established theoretical principles. Based on this philosophy, the

153



STM procedure proposed in this chapter is based on the fundamental principles
established through past research and contained in the ACI 318-08, AASHTO
LRFD, and fib (1999) design provisions.

With regard to the development of the proposed STM procedure, the 178
deep beam shear tests contained in the evaluation database are used for calibrating
design efficiency factors. The advantage of using a deep beam shear test to
calibrate efficiency factors is that these structures contain the fundamental
components of a strut-and-tie model. These components are: (i) a direct strut, (ii)
a tie, (iii) a CCC node, (iv) and a CCT node. Based on the results from 178
specimens, the three STM design provisions are evaluated an efficiency factors
are calibrated at the CCC and CCT nodal regions. Subsequently, the current
design provisions are significantly improved with regard to the modeling of deep
beam shear behavior. Since the fundamental principles of strut-and-tie modeling
are maintained, it is strongly believed that the findings of the proposed procedure
are valid for other types of D-regions. The efficiency factors specified herein are
calibrated similar to the method employed by ACI 318-08, AASHTO LRFD
(2008), and fib (1999). That is, they have been determined based on theoretical
principles, data from tests of D-regions, and regularity with other parts of the
code. However, it is believed that the approach taken for the development of the
proposed STM methodology is more comprehensive and transparent than what
currently exists.

Nodal geometries of the D-regions shown in Figure 6-1 can be determined
based on the techniques outlined in Section 2.3. By using these unambiguous
rules for proportioning a strut-and-tie model, it is possible to comprehensively
examine the resulting efficiency factors and draw conclusions based on the trends
and differences. A single-panel truss with non-hydrostatic nodal zones was
selected to represent all of the beams in the evaluation database for the purposes
of examining current design provisions and calibrating new efficiency factors.

Figure 6-2 illustrates the details of such a model.
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Figure 6-2. Non-hydrostatic single-panel strut-and-tie model.

The dimensioning techniques necessary to proportion this model are
established in the ACI 318-08, AASHTO LRFD (2008) and fib (1999) provisions
and have been outlined in Section 2.3. For the reader’s convenience, these

techniques are summarized in Figure 6-3.
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Figure 6-3. Definition of the geometry of a (a) CCC Node (b) CCT Node

Where,
a=  depth of equivalent rectangular stress block (Equation 2-1)
d=  distance from extreme compression fiber to centroid of
longitudinal tension reinforcement
[,=  length of the bearing plate at the CCC node
[,=  length of the bearing plate at the CCT node
w,= twice the distance from extreme tension fiber to centroid of

longitudinal tension reinforcement
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6.2.1

a =  proportion of applied load that flows to near support

0 =  angle of strut measured from the horizontal axis

When selecting a standard model, the two decisions affecting nodal
efficiencies include: (i) whether the nodal regions are to be defined with
hydrostatic or non-hydrostatic nodes; (ii) whether a one-panel or two-panel truss
is to be used. A single-panel non-hydrostatic model was selected because it is
simple, straightforward, and the most practical. Justification for using a single-
panel non-hydrostatic model along with the corresponding implications is

presented in Sections 6.2.1 and 6.2.2.

Single-Panel Truss Model

When modeling a D-region, it is common knowledge that a direct strut
forms between the load and support for low a/d ratios: (i) according to Kani et al.
(1979), beams with a shear span-to-depth ratio less than about 2.5 carry the load
by a direct strut; (ii) research conducted as part of the current research program
has shown that a direct strut is the primary shear transfer mechanism when the a/d
ratio is equal to 1.85 (Birrcher 2008). In addition, ACI 318-08 allows a designer
to use a single-panel strut when the a/d ratio is less than or equal to 2.1 [note, this

is accomplished indirectly as the strut angle is limited to 25-degrees (i.e.
a _ 1 _ . . . _
/d = /tan25° =2.1)]. As a result, it can be concluded that using a single-panel

truss to evaluate STM provisions is well founded for specimens with an a/d ratio
less than or equal to two based on experimental observations, past research, and
current design provisions.

As the a/d ratio exceeds two, a beam can no longer transfer the shear
forces by maintaining a direct strut. Thus, a two-panel truss mechanism governs.
The specimens in the evaluation database have an a/d ratio as large as 2.5, yet
they are being evaluated with a single-panel truss model. Admittedly, a single-
panel truss is not a representative shear mechanism when the a/d ratio is between

2.0 and 2.5. However, it is a goal of this study to provide design engineers with a
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STM procedure that can be confidently used in the transition region between
sectional and deep beam shear (2.0 < a/d < 2.5). Therefore, STM provisions are
evaluated using a single-panel truss model for a/d ratios up to 2.5. In this way, the
trends observed in the experimental data for deep beam shear can be integrated

with sectional design procedures.

6.2.2 Non-Hydrostatic Nodal Regions
When the a/d ratio of a beam is in the range of one to two, and if a single-
panel truss model is used, the strut width associated with non-hydrostatic nodes is
more realistic than that obtained when using hydrostatic nodes. As an example,

consider the hydrostatic and non-hydrostatic truss models illustrated in Figure

6-4.
Hydrostatic Nodes Non-hydrostatic Nodes
| e
[ ] i A
a/d =

o i

e I A

ald=2

Figure 6-4. Difference between hydrostatic and non-hydrostatic nodes as a/d

ratio increases.

The width of a strut abutting a hydrostatic node increases substantially as
the a/d ratio increases. Whereas, the width of a strut abutting a non-hydrostatic
node decreases slightly as the a/d ratio increases. If hydrostatic nodes are used,

coordinating the centroid of the tie reinforcement with the centroid of a
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hydrostatic CCT node is illogical and unrealistic. Similarly, it is difficult to
coordinate the aforementioned unrealistic placement of flexural reinforcement
with the depth of a beam’s flexural compression zone, i.e. the back face of a CCC
node.

It is well established that the shear strength of a beam decreases as the a/d
ratio increases (MacGregor and Wight, 2005; Kani et al., 1979; ACI-ASCE
1973). The reduction in shear strength associated with an increasing a/d ratio is
accounted for when non-hydrostatic nodes are used (Figure 6-4). In contrast, as
discussed in Section 2.2.3, when hydrostatic nodes are used, the corresponding
efficiency factors must decrease in a manner that is at least inversely proportional
to the a/d ratio to counteract the increasing size of the strut. This is why STM
methods that have been derived using hydrostatic nodes — such as AASHTO
LRFD (2008) — have a strut efficiency factor that decreases as the a/d ratio
increases. On the other hand, when non-hydrostatic nodes are used the strut size
diminishes slightly as the a/d ratio increases, thereby, accounting for the reduction
in shear strength. These differences in nodal dimensions are illustrated in Figure

6-5 for the example presented in Figure 6-4.

a/d increases a/d increases
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Figure 6-5. Typical difference in node dimensions between an a/d

ratio of one and two.
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6.3

Both ACI 318-08 and AASHTO LRFD (2008) include provisions that
direct a designer towards using non-hydrostatic nodes (ACI 318-08, Figure
RA.1.5; and AASHTO LRFD (2008), Figure 5.6.3.3.2-1). Not to mention, most
designers use non-hydrostatic nodes, as it is difficult to coordinate the dimensions
of a hydrostatic node with other beam details.

In summary, the use of either hydrostatic or non-hydrostatic nodes is an
assumption — a design tool intended to provide a simple method for proportioning
a STM. Each nodal dimensioning technique has its theoretical strengths and
weaknesses. For example, a hydrostatic state of stress is typically associated with
materials that cannot resist shear; yet, concrete has the ability to resist shear
stresses. As such, it is reasonable to assume that the nodal region in a concrete
beam is in a non-hydrostatic state of stress. On the other hand, the dimensioning
technique used to proportion a non-hydrostatic node can be overly simplified and
overly conservative, as is suggested to be the case at the back face of the CCT
node (Section 6.4.2). Nonetheless, the benefits of using non-hydrostatic nodes are
that they allow for the use of constant efficiency factors and they consider
additional details such as reinforcement location and flexural capacity

In order to directly compare STM provisions with one another, an
explicitly defined truss model (Figure 6-2) is used. Using a consistent model to
evaluate code provisions is essential as the resulting nodal stresses (i.e.

efficiencies) are dependent on the model.

EVALUATION OF CURRENT DESIGN PROVISIONS

A comparison between the ACI 318-08 STM, AASHTO LRFD (2008), fib
(1999), ACI 318-99 [empirical provisions in lieu of STM (Equation 2-5)], and
TxDOT Project 4371 (Sections 2.4 and 2.5) design provisions for deep beam
shear is made. A single-panel strut-and-tie model was analyzed using the nodal
geometries presented in Figure 6-3. An outline of the calculations performed for

each STM procedure is located in Appendix F. In summary, the following seven
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stress checks are conducted for all of the beams in the database: 1) Back face of
CCC and 2) CCT nodes; 3) Bearing face of CCC and 4) CCT nodes; 5) Strut-to-
node interface at the CCC and 6) CCT nodes; and 7) stress in the tie
reinforcement. The locations of these seven stress checks are illustrated in Figure

6-6.
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Figure 6-6. Seven stress checks used to evaluate STM procedures.

In addition to the seven stress checks shown above, failure of the D-region
may be attributed to the longitudinal splitting of the strut. This failure mechanism
is not directly checked. However, failure of the strut due to splitting is indirectly
accounted for as all of the beams in the evaluation database contain a minimum
amount of transverse reinforcement. Minimum transverse reinforcement provides
a strut with the deformation capability necessary to prevent premature splitting of
the strut. The minimum amount of reinforcement required for a D-region to
realize its maximum shear capacity is introduced in Section 6.5.4 and discussed
by Birrcher (2008).

Design provisions are compared to one another based on the experimental
results of the 178 beams in the evaluation database (34 contributed from the
current study). A description of the filtering criteria used to form the evaluation
database is located in Section 2.8. The primary attributes of the evaluation

database are summarized in Figure 6-7; details are included in Appendix E.
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Figure 6-7. Primary attributes of the specimens in the evaluation database.

The purpose of comparing the provisions is to establish a basis for an
improved design method. Figure 6-8 and Table 6.1 present a summary of the
accuracy and conservatism of the five design procedures. The ratio of
experimental to calculated shear capacity was determined for the beams in the

evaluation database. A histogram of the findings is presented as follows.
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Figure 6-8. Range of experimental/calculated values determined using

evaluation database (178 data points).
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Table 6.1. STM Provisions: Evaluation Database

N=178 Experimental/Calculated
Design Provision | Max Min Mean | % Unconservative’ | COV'
ACI 318 STM 9.80 0.87 1.80 1.7% 0.58
AASHTOLRFD | 11.77 | 0.87 221 3.4% 0.69
fib (1999) 2.82 0.76 1.55 2.8% 0.25
ACI 318-99+ 2.67 0.82 1.55 5.5% 0.24
Project 4371 4196 | 0.87 3.72 2.2% 1.14

T Unconservative = Experimental/Predicted Value < 1.0
" COV = Coefficient of Variation = Standard Deviation/Mean
* Equation 2-5

Based on a comparison of the five sets of design provisions presented in
Figure 6-8, the empirical equation removed from the ACI 318 provisions
(Equation 2-5) in 2002 and the STM provisions recommended by fib (1999) are
the most accurate (COV of 0.24 and 0.25 respectively).

The reason that a strut-and-tie method is preferred over an empirical
equation is because a STM is more versatile and the emphasis of a truss model is
on the critical details. Details that are often the cause of a deep beam shear failure
include: development length, nodal bearing stresses, stresses at the back face of a
CCC node and stress in the tie. If the ACI 318 empirical equation is used to
design a deep beam region, the bearing stresses and flexural capacity of the beam
also need to be checked. However, if a STM is used to design a deep beam region,
then the model accounts for these potentially critical bearing and flexural stresses.

The AASHTO LRFD (2008) and TxDOT Project 4371 methods are
sufficiently conservative. However, there is a large amount of scatter associated
with the two methods. The reason for the large amount of scatter and
conservatism can be attributed to the derivation of these methods. The derivation
is based on using hydrostatic nodes. As a result, the efficiency factors for these
methods diminish as the a/d ratio increases. As presented in Section 2.2.3, when

non-hydrostatic nodes are used in combination with efficiency factors that
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diminish as the shear span increases, the result is overly conservative estimations
of shear capacity.

The efficiency factors specified by ACI 318-08 and fib (1999) are similar
in magnitude. However, the fib (1999) method is much more accurate [COV of
0.25 for fib (1999) versus 0.58 for ACI 318-08]. The difference in accuracy
between the two procedures can be attributed to the following:

* fib (1999) explicitly allows the allowable stress at all faces of a nodal
zone to be increased when triaxial confinement due to surrounding
concrete is present.

* fib (1999) states that a stress check at the back face of a CCT due to
bond stresses is not necessary — provided bars are anchored properly.

* The efficiency factors recommended by fib (1999) decrease as the
compressive strength of concrete increases.

It is a major goal of this research study to make improvements to the ACI
318-08 and AASHTO LRFD (2008) STM procedures. According to MacGregor
(2002), the selection of efficiency factors shall satisfy the following four criteria:

* Simplicity in application.

* Compatibility with tests of D-regions.

*  Compatibility with other sections of ACI 318-08 and/or AASHTO
LRFD (2008)

* Compatibility with other codes or design recommendations.

Based on the accuracy of the fib (1999) procedure, it was decided to
pursue this method further. The fib (1999) provisions provide an engineer with an
accurate and safe procedure for the design of a deep beam region. However, the
fib (1999) provisions are not consistent with ACI 318-08 or AASHTO LRFD
(2008). Therefore, minor improvements are recommended in order to make the fib
(1999) provisions more consistent with ACI 318-08 and AASHTO LRFD (2008).
An improved STM approach is presented in Section 6.4 and summarized in
Section 6.6.
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64

64.1

PROPOSED METHOD

As detailed in Section 6.2, a single-panel non-hydrostatic truss model
(Figure 6-2) is used to evaluate a dataset of 178 specimens and make a
recommendation for an improved STM procedure. For the selected model, a STM
procedure consists of the seven stress checks illustrated in Figure 6-6.

The stress at each nodal face is compared to its respective allowable
efficiency factor. The face that controls the calculated capacity is the one with the
largest stress to efficiency ratio. If the stress in the tie controls the beam’s
capacity, then that particular specimen is not used to calibrate efficiency factors.
The controlling efficiency of each of the six nodal faces is examined for all beams
in the database in Sections 6.4.2 through 6.4.5 and a recommendation at each face

is made accordingly.

Triaxial Confinement

Based on the test results from the specimens with triaxially confined CCC
and CCT nodes (i.e. Series II specimens discussed in Chapter 5), it was concluded
that the effective compressive strength of all faces of a triaxially confined node
can be increased by the bearing capacity modification factor specified in the ACI
318-08 and AASHTO LRFD (2008) provisions. According to ACI 318-08 §10.14
and AASHTO LRFD §5.7.5 the allowable bearing capacity of concrete can be
expressed as follows.

P,=m03851."A, Equation 6-1
Where,

P, = nominal bearing resistance

m = bearing capacity (triaxial confinement) modification factor, XZ <2
1

The definition of A, and A, is illustrated in Figure 6-9.
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Figure 6-9. Application of frustum to find A, in stepped or sloped supports
(ACI 318-08).

From a theoretical standpoint, when a nodal zone is triaxially confined, the
compressive strength of concrete is increased in the entire region. Therefore, it is
reasonable to assume that the compressive strength of all nodal faces is increased
when triaxial confinement is present. This phenomenon is verified with beams
fabricated and tested as part of the current study and past studies. Figure 6-10
presents a summary of calculations carried out by using the ACI 318-08 STM
provisions both with and without an increase in nodal capacity due to triaxial
confinement. The ratio of experimental capacity to the calculated capacity is
presented for all beams in the filtered database whose bearing plate width was
smaller than the width of the beam. The result of increasing the allowable
capacity of a nodal region is presented for beams designed per the ACI 318-08
STM specifications; similar conclusions can be drawn from the AASHTO LRFD
(2008) STM provisions (Figure 5-14).
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64.2
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Figure 6-10. The effect of triaxial confinement: (ACI 318-08).

Brown et al. (2006) tested three beams whose load plates had a width less
than the width of the beam (Section 2.6.5.4). Furuuchi et al. (1998) tested a series
of deep slabs with varying load and support plate dimensions (Section 2.6.5.1).
Specimens tested by Furuuchi et al. (1998) were 6-inch deep, 20-inch wide, and
did not contain any shear reinforcement. Based on their aspect ratio and lack of
stirrups, these beams are considered the worst-case scenario when evaluating
triaxial confinement provisions. Upon examination of Figure 6-10, it can be
concluded that an increase in the capacity of all triaxially confined nodal faces
improves the accuracy of a STM prediction without diminishing its conservatism.

This conclusion is justified on a theoretical and experimental basis.

Back Face of the CCT Node
In a strut-and-tie model, the height of the back face of a CCT node is taken
as twice the distance from the exterior beam surface to the centroid of the

reinforcement that defines the tie (Figure 6-11).
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T - <—Back Face

Figure 6-11. Back face of a CCT node.

As discussed in Section 2.4.2.2, the efficiency of the back face of a CCT
node is dependent on the stress condition. Stress at this surface can be attributed
to the bonding stress that results from the anchorage of a tie, bearing stress of an
anchor plate or headed bar, or an external indeterminacy such as occurs at an
interior node over a continuous support. An example of these configurations is

presented in Figure 6-12.
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Figure 6-12. Stress condition at the back face of a CCT node: (a) bonding
stress; (b) bearing of an anchor plate; (c) interior node over a continuous

support.

The effectiveness of a CCT node to resist bonding stresses [Figure 6-12
(a)] is investigated separately from the other stress conditions shown. The results
of this study are presented in Section 6.4.2.1. The effectiveness of the back face
to resist bearing stresses caused by conditions other than anchorage is discussed in

Section 6.4.2.2.
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64.2.1

Effectiveness of Back Face to Resist Bonding Stresses

According to the ACI 318-08 and AASHTO LRFD (2008) STM
provisions, stresses at the back face of a CCT must always be checked.
Alternatively, the fib (1999) provisions do not require a check at the back face of
a CCT node if the applied force is the resultant of the bond stress attributed to the
anchorage of a tie (provided that the tie is sufficiently developed).

In general, the technique used to proportion the back face of a CCT node
typically results in an excessively small face. As a result, it often controls the
nominal capacity of a truss model. If the tie is anchored properly, crushing of
concrete at the back face of the support is unlikely and should not be used to
determine the capacity of a CCT node. Thompson et al. (2003) investigated
stresses in CCT nodal regions and reached a similar conclusion:

The philosophy of the current code provisions for determining the capacity
of CCT nodes may require reconsideration. The evidence from the tests
shows that the failure of these nodes was primarily related to anchorage
and that the current stress limits for nodes were unrealistic. It is possible
that CCT nodes cannot fail in compression if anchorage of the tie bars is
sufficient. The stress limits imposed by the code provisions may be
unnecessary.

In order to investigate the criticality of stresses at the back face of the CCT
node, the capacity of beams estimated per the ACI 318-08 provisions was
examined in further detail. The node face that determined the capacity of each
beam in the database was found according to the ACI 318-08 STM provisions.
Then, the capacity of each of the beams in the database was determined per the
ACI 318-08 STM provisions except that the stress at the back face of the CCT
node was ignored. As a result, not considering the stress at the back face of the
CCT node had an insignificant impact on the conservatism of the ACI 318-08

provisions. This point is illustrated in Figure 6-13.
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Figure 6-13. Governing node face with and without a stress check at the back

face of the CCT node: ACI 318.

As can be observed in Figure 6-13, if ACI 318-08 STM provisions are
used without any modifications, the stress check performed at the back face of the
CCT node controls the capacity for 43% of the beams in the evaluation database.
If the stress at the back face of the CCT node is not checked, the amount of
unconservative predictions increases from 1.7% to 2.3% and the coefficient of
variation increases from 0.58 to 0.60. This is a minor change considering that the
CCT back face stress check originally controlled the design of almost half the
beams in the database. Therefore, it can be concluded that checking the stresses at
the back face of the CCT node minimally improves the accuracy and
conservatism of the ACI 318-08 STM design provisions.

In order to gather more information on the stress distribution at the back
face of the CCT nodes, concrete strain gauges were affixed behind the support
plate of beams tested as part of the current experimental program, as illustrated in

Section 3.5.2. The purpose of collecting strain data at the back face of the CCT
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node was to determine the magnitude and distribution of stresses in the region and
compare these results with typical modeling assumptions.

The back face of a CCT node is taken as twice the distance from the
exterior face of the beam to the centroid of the longitudinal reinforcement. For the
Series I and III specimens, that distance is equal to approximately 11 and 7”
respectively. According to ACI 318-08 and AASHTO LRFD (2008), the limiting
efficiency factor at the back face of a CCT node is 0.68 and 0.75, respectively. In
other words, the allowable stress at the back face is 0.68-f' and 0.75-f. The
assumed CCT nodal geometries and allowable stress at the back face are
presented in Figure 6-14 for the Series I and III specimens. An allowable stress of

0.70-f." is assumed and shown for illustration purposes.

Series I Specimen

Series III Specimen

— 1 —

0.701. 0.701.
Figure 6-14. Assumed nodal dimensions and allowable stress distribution at

back face of CCT node.

Strain gauges were applied behind the support plate (Section 3.5.2) for all
of the Series I specimens and the following Series III specimens: I1I-1.85-0, III-
1.85-02, and III-1.85-025. The strain distribution at 90% of ultimate capacity is
presented for specimens [-02-4 and [-02-2; and for specimens I11-1.85-0, ITI-1.85-
02, and II1-1.85-025 in Figure 6-15. In addition, the theoretical stress at the back

face based on the assumed nodal geometry is presented.
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Figure 6-15. Strain distribution measured behind the support plate at 90% of

ultimate capacity.

Based on the strain data measured behind the CCT nodal region, it can be
concluded that the technique used to proportion the back face of a non-hydrostatic
CCT node is unrealistic and should not be used to determine the capacity of a
truss model if reinforcement is anchored properly. For this condition, crushing of
concrete at the back face of a CCT node is not a realistic failure mechanism.
Crushing of concrete at the back face of the CCT nodes was not observed in any
of the tests conducted within this research program nor those reported in the
literature.

In order to verify data obtained from concrete gauges, steel strain gauges
were applied to all twelve of the main longitudinal bars for specimens I1I-1.85-02
and III-1.85-025 as described in Section 3.5.1. The rebar gauges were located in
the same plane as the concrete surface gauges. The force in the steel

reinforcement was inferred based on the experimentally measured strains,
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modulus of elasticity of steel, and nominal area of the reinforcing bars. The force
applied to the same plane of concrete was inferred based on the area under the
strain profile curve shown in Figure 6-15, the width of the beam, and the modulus
of elasticity of concrete taken as 57,000 \/f . The resulting force measured in the
reinforcement was within 10% of the value measured with the concrete surface

gauges for both specimens. Thus, it can be concluded that the surface gauge data

was reliable.

64.2.2 Effectiveness of Back Face to Resist Direct Stresses

Conditions exist where the stress applied to the back face of a CCT node is
attributed to forces other than those caused by the bonding of anchored
reinforcement. An example of such conditions are at the CCT node over an
interior support or at a CCT node where the anchorage of the reinforcement is
provided by a bearing plate or headed bar (Figure 6-12).

When the stress at the back face of a CCT node is the result of a condition
other than the transfer of bonding stresses, the nodal dimension must be
proportioned accordingly so that the crushing of concrete does not occur. The fib
(1999) design provisions recognize the complication of this stress condition:

In conclusion, it can be stated, that the concrete in the node [over an

interior support] is under biaxial compression, but the horizontal

compression is difficult to assess. On the other hand, tensile reinforcement
penetrates the node region and is anchored there to some extent.

Therefore, [the CCT bearing face efficiency] will again be applied hear as

design node strength, the [the CCC bearing efficiency] might eventually

be considered.

Based on the recommendations of fib (1999), Schlaich et al. (1987), and
Thompson et al. (2003), the bonding stresses attributed to the anchorage of a tie
are not critical and need not be applied to the back face of a CCT node provided

that the tie meets the necessary anchorage requirements. If the force applied to the
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64.3

back face of a CCT node is attributed to stresses other than those caused by
anchorage, the effectiveness of the node to resist crushing must be checked. In
this case, an efficiency factor consistent with the CCT bearing face (Section 6.4.4)
should be used.

If the stress applied to the back face of a CCT node is the result of a
combination of both anchorage and a discrete force from another strut framing
into the node, it is only necessary to proportion the node to resist the direct
compression stresses. In other words, stresses due to anchorage are indirectly
accounted for with an adequately developed tie and need not be considered. It is
believed that the small amount of stress that may indirectly occur in the nodal
region due to anchorage is accounted for by the excessively small dimension of

the CCT node and the respective efficiency factor.

Efficiency of the Bearing and Back Face of CCC Node
The dimensions of the bearing and back face of a CCC node, as shown in

Figure 6-16, is proportioned according to the method presented in Figure 6-3.

Bearing

Back
Face cc

CCT/ N

/ |

Figure 6-16. Bearing and back face of a CCC node.

The height of the back face of the CCC node is based on the depth of the
equivalent compression block determined from flexural mechanics. This
dimension is justified, as the crushing of the back face of a CCC node is the same
failure mode observed in a flexural failure. In a flexural analysis, it is assumed
that the compression block is loaded uniaxially. Similarly, it is assumed that the

bearing face of the CCC node is uniaxially loaded in compression. According to
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both ACI 318-08 and AASHTO LRFD (2008), the efficiency of concrete in an
undisturbed state of uniaxial compression is typically taken as a constant value of
0.85. Therefore, for purpose of maintaining consistency with the ACI 318-08 and
AASHTO LRFD (2008) specifications, it is proposed that the efficiency of the
undisturbed uniaxial compression stress field associated with the back face of the
CCC node be set to a constant value of 0.85.

The efficiency of the bearing face of the CCC node is established in a
similar manner. This recommendation is consistent with what is currently done in
the ACI 318-08 and AASHTO LRFD (2007) specifications.

The implications of these proposals are examined within the evaluation
database. The normalized stress at the back and bearing face of the CCC node is
plotted for beams where said nodal boundaries control the design (Figure 6-17).
Based on the results obtained from the database and illustrated in Figure 6-17, a

constant efficiency of 0.85 is an appropriate value.
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Figure 6-17. CCC back (N = 19) and bearing face (N = 6) efficiency factor:
Proposed Method.

The efficiency factor specified by fib (1999) is also considered an
appropriate value. However, a constant efficiency factor is recommended for the

bearing and back face of the CCC node based on following: (i) in the interest of
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644

maintaining consistency with other sections of ACI 318-08 and AASHTO LRFD
(2008); and (ii) in the interest of having the simplest code provision that captures

the trends (or lack thereof) of the data presented in Figure 6-17.

Efficiency of the Bearing Face of CCT Node
The dimension of the bearing face of a CCT node, as shown in Figure

6-18, is proportioned according to the method presented in Figure 6-3.

cC

7. !
_ﬁTBearing

Figure 6-18. Bearing face of a CCT node.

According to Vecchio and Collins (1986), the effective compressive
strength of concrete decreases with the accumulation of transverse tensile strains
(i.e. a CCT nodal region). The philosophy that concrete has a reduced efficiency
in the CCT nodal region has been adopted by ACI 318-08, AASHTO LRFD
(2008), and fib (1999). In accordance with ACI 318-08, AASHTO LRFD (2008),
and fib (1999) it is proposed that the efficiency at the bearing face of the CCT
node be set to a constant value of 0.70.

The conservativeness of this proposal is examined by using the evaluation
database. The normalized stress at the bearing face of the CCT node is plotted for

beams where said boundary controls the STM calculations (Figure 6-19).
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Figure 6-19. CCT bearing face efficiency factor (N = 5): Proposed Method.

Admittedly, there are a sparse number of beams in the database that are
controlled by the CCT bearing face. Nevertheless, based on the results obtained
from the database, and in accordance with ACI 318-08 and AASHTO LRFD
(2008), a constant efficiency of 0.70 is appropriate.

Efficiency of the Strut-to-Node Interface
The dimension of the CCC and CCT strut-to-node interface, as shown in

Figure 6-20, is proportioned according to the method presented in Figure 6-3.

Strut-to-Node
Interface

Figure 6-20. CCC and CCT strut-to-node interface.

AASHTO LRFD (2008) and fib (1999) specify a concrete efficiency at the
CCT interface lower than at the CCC interface for the same reason cited for the

bearing faces; i.e. the presence of transverse tensile stresses diminish the
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compressive strength of concrete. ACI 318-08, on the other hand, specifies the
same efficiency at both the CCC and CCT interface.

Although the efficiency of a CCT region has been shown to be lower than
that of a CCC region, the diminishing effect is accounted for by non-hydrostatic
nodal geometries. In other words, the smaller proportion of the CCT node-to-strut
interface indirectly accounts for the reduction in efficiency. Consider, for
example, the beams in the database whose calculated capacities are controlled by
the ACI 318-08 stress checks at the CCC or CCT node-to-strut interface (Figure
6-21).
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Figure 6-21. Experimental efficiency vs. ACI 318-08 at the CCC and CCT

strut-to-node interface.

As seen in Figure 6-21, the efficiency at the strut-to-node interface is
defined as the ratio of the applied stress at said interface to the compressive
strength of concrete. Upon examination of the capacity of the beams in the
database as estimated by the ACI 318-08 STM provisions, the CCC strut-to-node
interface governed the capacity for 50 beams while the CCT strut-to-node
interface governed for 19 beams. It is important to observe that the data for the 69
beams controlled by the CCC and CCT strut-to-node interface is equally scattered

and with a similar lower bound.
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Accordingly, it can be concluded that efficiency of the CCC or CCT strut-
to-node interface is equivalent when those interfaces control the capacity
calculations (per ACI 318-08). A similar conclusion can be reached for the
calculations carried out by the AASHTO LRFD (2008) STM specifications
(Figure 6-22).

AASHTO LRFD (2008)

2.0
° o CCC Strut-to-Node Interface
16 ) ° @ CCT Strut-to-Node Interface
o o 8 (N =37)

1.2

Applied Stress
f

pix Y
o

Efficiency
o
N

©
o

0 2000 4000 6000 8000 10000 12000 14000
Concrete Compressive Strength (psi)

Figure 6-22. Experimental efficiency vs. AASHTO LRFD (2008) at the CCC

and CCT strut-to-node interface.

In light of the data presented in Figure 6-21 and Figure 6-22, there is no
reason to specify a lower efficiency factor at the CCT strut-to-node interface.

Efficiency factors recommended by fib (1999) are a function of concrete
compressive strength. High strength concrete has a lower efficiency because of
the corresponding reduction in shear transmitted along the main diagonal crack.
The strength of the cement paste in high-strength concrete is more than that of the
aggregate. When shear cracks form in high-strength concrete, the resulting cracks
are transmitted through rather than around the aggregate. As a result, the main
inclined crack is smoother, so it has a lower interface shear capacity.
Additionally, research conducted by Nielson (1978), Ramirez and Breen (1991),
Bergmeister et al. (1993) Brown et al. (2006) support the use of an interface

efficiency factor that diminishes as concrete compressive strength increases.
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Figure 6-23 illustrates the results of the calculations performed on the

specimens in the evaluation database by using the fib (1999) efficiency factors.
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Figure 6-23. Experimental efficiency vs. fib (1999) recommendations at the

CCC and CCT strut-to-node interface.

As seen in Figure 6-23, the CCC strut-to-node interface never controls the
capacity of a deep beam estimated per the fib (1999) STM provisions. This is
attributed to the geometric proportions that define the CCC nodal zone. The
bearing and back face of the CCC node are always smaller than the interface and
the fib (1999) recommended efficiency is the same at all three nodal faces. As a
result, the critical stress cannot occur at the node-to-strut interface. It will always
occur at either the back face or bearing face depending on the strut angle. The
same phenomenon does not occur in the CCT nodal zone because a stress check is
not required at the back face.

Given that the experimental stress at the CCC and CCT strut-to-node
interface is equivalent when estimated per ACI 318-08 and AASHTO LRFD
(2008) (Figure 6-21 and Figure 6-22); and given that the capacity of a beam
estimated per fib (1999) STM provisions is never controlled by the stress at the
CCC strut-to-node interface; it is proposed that the efficiency factor assigned to

the CCC strut-to-node interface also be assigned to the CCT node-to-strut
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interface. This recommendation is consistent with the general philosophy of the
ACI 318-08 provisions.

It has previously been determined that the nodal efficiency is independent
of the a/d ratio when non-hydrostatic nodes are used and dependent on the
compressive strength of concrete. Therefore, in accordance with fib (1999), it is
proposed that the efficiency at the node-to-strut interface diminish as the
compressive strength of concrete increases. Modifications to the fib (1999)
efficiency factor are suggested as follows.

The fib (1999) strut-to-node efficiency factor is equal to 0.43 when the
compressive strength of concrete is 14,000-psi. In general, concrete is considered
high-strength when the compressive strength is greater than 8,000-psi. Given that
there is not much data available in the high-strength range, it is proposed that the
efficiency be capped at a lower value of 0.45 for compressive strengths greater
than 8,000-psi. Similarly, it is proposed that the efficiency be capped at an upper
value of 0.65 [the fib (1999) factor is equal to 0.63 when the compressive strength
of concrete is 4000-psi]. Finally, it is proposed that the efficiency linearly
decrease between 4,000 and 8,000-psi. As such, the proposed CCC and CCT

strut-to-node interface efficiency factor, v, is expressed as follows:

v=  045< 085-7 %0 Ly S065 Equation 6-2

The conservativeness of this proposal is examined by using the evaluation
database (Figure 6-24). The efficiency factors at the CCC and CCT strut-to-node
interface are plotted for beams whose capacity is calculated by using the proposed

method.
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Figure 6-24. Experimental vs. proposed efficiency at the CCC and CCT

strut-to-node interface.

Based on the results obtained from the evaluation database, the efficiency
factor proposed for the determination of the capacity of the CCC and CCT strut-
to-node interface (Equation 6-2) is an appropriate expression.

The recommendations outlined by fib (1999) were used to formulate a new
STM design procedure. In accordance with fib (1999), the following attributes of
the proposed STM provisions are consistent with the fib (1999) STM provisions:

* Disregard the stress check at the back face of the CCT node when the
applied force is the resultant of bonding stresses from a sufficiently
anchored tie.

* Increase the allowable stress in triaxially confined nodal regions.

* At the CCC and CCT strut-to-node interface, the efficiency of concrete
decreases as the compressive strength increases.

The following attributes of the proposed STM provisions are consistent

with the ACI 318-08 and AASHTO LRFD (2008) provisions:
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* A triaxial confinement modification factor is used to account for the
increase in nodal capacity due triaxial confinement. The modification
factor is expressed the same as for bearing capacity (Equation 6-1).
* In accordance with ACI 318-08, the efficiency of the CCC and CCT
node-to-strut interfaces are identical.
* At the bearing and back face of the CCC node, the efficiency of
concrete is a constant value of 0.85.
* At the bearing face of the CCT node, the efficiency of concrete is a
constant value of 0.70.
Based on the fundamental principles of strut-and-tie modeling given in the
ACI 318-08, AASHTO LRFD (2008), and fib (1999) design provisions, and
based on tests of the D-regions analyzed using the evaluation database, a new
STM provision is proposed. The details of the proposed provision are summarized
in Figure 6-25. The proposed STM procedure is compared to ACI 318-08,
AASHTO LRFD (2007), and fib (1999) in Section 6.5. A complete outline of the

new procedure is presented in Section 6.6.
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PF, > Fy
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Where, y _
m=, %1 (Equation 6-1)

STM Proposed Efficiency Factors, v

045<085— 1/ . <0.65

0.70

0.70
Figure 6-25. Proposed STM design provision.
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6.5  ASSESSMENT OF PROPOSED METHOD
6.5.1 Evaluation Database
An assessment of the proposed method based on the experimental results
of the beams in the evaluation database is presented in Table 6.2 and Figure 6-26.

Table 6.2. STM Provisions: Evaluation Database

N=178 Experimental/Calculated
Design Provision | Max | Min | Mean | % Unconservative’ | COV'’
ACI 318 9.80 0.87 1.79 1.7% 0.58
AASHTO LRFD 11.77 0.87 2.21 3.4% 0.69
fib (1999) 2.82 0.76 1.55 2.8% 0.25
ACI 318-99* 2.67 0.82 1.55 5.5% 0.24
Project 4371 41.96 0.87 3.72 2.2% 1.14
PROPOSED 4.14 0.73 1.54 0.6% 0.28

" Unconservative = Experimental/Calculated Value < 1.0
" COV = Coefficient of Variation = Standard Deviation/Mean
* Equation 2-5
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Note: In accordance with ACI 318-08 and AASHTO LRFD (2008), the proposed method
contains a limit on the triaxial confinement modification factor equal to 2
(Equation 6-1); whereas, fib (1999) limits this factor to 4 (Equation 2-17). The
proposed method would perform slightly better than fib (1999) if the triaxial

confinement modification limit were increased to 4 [Mean

unconservative, COV = 0.22].

151, 0.6%

Figure 6-26. Comparison of proposed STM provisions with other design

provisions (Evaluation Database = 178 data points).
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6.5.2

As shown, the proposed strut-and-tie modeling procedure is a significant
improvement over the current ACI 318-08 and AASHTO LRFD (2008)
procedures. The amount of unconservative estimations using the proposed
provisions is slightly less than the fib (1999) provisions, but the fib (1999)
methodology is slightly more accurate than the proposed procedure. However, if
both methods contained the same limit on the triaxial confinement modification
factor, then the proposed procedure would have a COV equal to 0.22, a slight
improvement compared to the fib (1999) provisions. As it is, the proposed triaxial
confinement factor is consistent with the ACI 318-08 and AASHTO LRFD
(2008) bearing capacity provisions.

Filtered Database

The specimens in the evaluation database were selected from a larger
dataset based on their geometry and proportions. It was the intent of the research
team to formulate design recommendations based on test specimens that best
represented actual structural members. As a result, the larger beams contained in
the evaluation database were used to calibrate the recommended nodal
efficiencies. Upon derivation of the proposed STM methodologys, it is of interest
to compare the performance of the procedure with a larger dataset; i.e. a dataset
that contains data other than those that were used to calibrate the proposed STM
procedure. Therefore, the performance of the proposed STM provisions are
compared with the other design provisions for the tests that are contained in the
filtered database.

As previously discussed, the STM model that was used to evaluate deep
beam design provisions indirectly accounts for failure controlled by the
longitudinal splitting of the strut by only considering beams that contain a
minimum amount of reinforcement. Therefore, only those beams in the filtered
database that contain a minimum amount of transverse reinforcement are
evaluated. An assessment of the proposed provisions is presented in Figure 6-27.

The data presented in Figure 6-27 is based on the experimental results of the
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beams in the filtered database with a minimum reinforcement ratio greater than or

equal t0 0.1% (i.e.p, >0.1%).

180 ACI 318-08 STM 180 AASHTO LRFD (2008) STM
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Note: If the triaxial confinement modification limit of the proposed method were
increased to 4 [Mean = 1.59, 3.4% unconservative, COV = 0.31].

Figure 6-27. Comparison of proposed STM provisions with other design

provisions (Filter Database with p , > 0.1% = 381 data points)

Upon observation of Figure 6-27, it can be concluded that the trends
between the design provisions are consistent when a similar evaluation is

conducted using the beams in the filtered database. Again, the proposed STM
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6.5.3

procedure is a significant improvement over the ACI 318-08 and AASHTO
LRFD (2008) provisions.

Many of the specimens in the filtered database were not used to calibrate
the proposed STM provisions. However, the proposed procedure estimates the
capacity of the beams in the filtered and evaluation database with an equivalent
amount of accuracy. The reason that the procedure performs as well for the
specimens in the filtered database can be attributed to the fact that is has been

mostly derived according to the theoretical principles of strut-and-tie modeling.

Shear Span to Depth Ratio: a/d < 2.5

Recall, the proposed procedure was calibrated using non-hydrostatic nodes
for beams with an a/d ratio up to 2.5. The purpose of considering specimens with
a/d ratios between 2.0 and 2.5 is to address the discontinuity in shear provisions
within the transition region between deep beam and sectional shear design. The
fact that the shear strength of a member is reduced as the a/d ratio increases is
accounted for by the diminishing dimension of the non-hydrostatic strut-to-node
interface. The capacities of all specimens in the evaluation database were
estimated using the newly proposed STM provisions, and the AASHTO LRFD
(2008) STM provisions to study the transition from deep beam shear to sectional

shear. The results of this analysis are summarized Figure 6-28.
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Figure 6-28. AASHTO LRFD (2008) STM provisions vs. the proposed STM

provisions for various a/d ratios.

The fact that the AASHTO LRFD (2008) method was derived using
hydrostatic nodes results in excessively conservative strength estimations for
beams with high a/d ratios (a/d greater than 1.5, approximately). As a result, a
large discrepancy exists between deep beam and sectional shear provisions. It is
worth noting that the capacities of 14 of the 179 specimens in the evaluation
database were over-estimated per the AASHTO LRFD (2007) provisions by at
least a factor of 4 for an a/d ratio greater than 1.5. The fact that the proposed
procedure was calibrated using non-hydrostatic nodes for beams with an a/d ratio
up to 2.5 allows for a smoother transition in calculated shear capacity between
deep beam and sectional shear provisions. In other words, the level of
conservatism is roughly constant for all a/d ratios as shown in Figure 6-28.

Transverse Reinforcement Ratio: p. > 0.1%

The proposed procedure was based on beams with a minimum transverse
reinforcement ratio of 0.1% perpendicular to the strut (i.e. pL > 0.1%). This is
considerably less than what is required by ACI 318-08 and AASHTO LRFD
(2008).
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When a deep beam is designed by using a strut-and-tie model, transverse
reinforcement is required in order to provide sufficient deformation capacity for
the assumed plastic truss model to develop. Additionally, transverse
reinforcement is also necessary to ensure adequate serviceability behavior. The
quantity of reinforcement that is required for strength and serviceability is a
primary research objective and is discussed in detail by Birrcher (2008).

According to Brown et al. (2006), the amount of transverse reinforcement
necessary to maintain the equilibrium of a strut due to spreading of compression
is approximately 0.15% in each direction; fib (1999) requires a minimum amount
of 0.2% in each direction without specifying whether this amount is required for
strength, serviceability, or both; and AASHTO LRFD (2008) requires 0.3% in
each direction and explicitly denotes it as crack control reinforcement. ACI 318-
08 allows the use of unreinforced struts. For a strut to be considered reinforced a
minimum amount of 0.3% reinforcement perpendicular to the strut (pL) must be
provided.

All design provisions evaluated as part of the current research program
were examined using specimens with pL values as low as 0.1%; 1.e. much less
than required by ACI 318-08, AASHTO LRFD (2007), or fib (1999). In addition,
the proposed method summarized in Section 6.6 was calibrated based on the same
lightly reinforced specimens. The implications of considering beams with a
transverse reinforcement ratio, pL, as low as 0.1%, are presented in Table 6.3 and

Figure 6-29.
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Table 6.3. Influence that Transverse Reinforcement Ratio has on Accuracy of STM Provision

XpL=>0.001 XpL>0.003 Py = pn = 0.002 Py =pn=0.003
No. =179 No. =127 No. =44 No. =25
% NG’ Cov % NG’ Cov % NG’ Cov % NG’ Cov
ACI 318-08 1.7% 0.58 2.4% 0.54 2.3% 0.69 4.0% 0.82
AASTHO LRFD (2008) 3.4% 0.69 1.6% 0.68 0.0% 0.76 0.0% 0.88
fib (1999) 2.8% 0.25 2.4% 0.25 0.0% 0.23 0.0% 0.24
Proposed Method 0.6% 0.28 0.0% 0.27 0.0% 0.33 0.0% 0.36

¥ %NG = percentage of beams with Experimental/Calculated ratio < 1.0.

BProposed HACI 318 OAASHTO LRFD #fib

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

Coefficient of Variation (COV)

Sp 2 0.001 Sp=0.003 p 20.002 EW p =0.003 EW

(N = 176) (N = 127) (N = 44) (N = 25)

Note: In accordance with ACI 318-08 and AASHTO LRFD (2007), the proposed method contains a limit on the
triaxial confinement modification factor equal to 2 (Equation 6-1); whereas, fib (1999) limits this factor to 4
(Equation 2-17). The proposed method would perform slightly better than shown if the triaxial confinement
limit were increased to 4 [COV = 0.22; 0.22; 0.24; and 0.24 respectively, for the reinforcement ratios
presented in Table 6.3 and Figure 6-29].

Figure 6-29. Influence that transverse reinforcement ratio has on the COV of various STM provisions.



The purpose of comparing the performance of the proposed STM
provisions for differing amounts of minimum transverse reinforcement is to
determine whether the earlier observations in regards to conservatism and
accuracy remain valid for the proposed STM methodology. The difficulty with
evaluating the provisions for beams with, for example, the AASHTO minimum of
0.3% transverse reinforcement in each direction, is that only a sparse number of
beams meet the criteria. More specifically, only 44 beams meet the fib (1999)
minimum requirement (0.2% in each direction) and only 25 meet the AASHTO
LRFD requirement (0.3% in each direction). Therefore, significant conclusions
should not be inferred from statistical comparisons based on such small data sets.
Nonetheless, upon comparison of the various STM design provisions, it can be
seen that the performance of each provision (as indicated by the COV) is
relatively equivalent to each another regardless of the minimum amount of
reinforcement. As a result, it can be concluded that the lightly reinforced
specimens in the evaluation database provide a valid basis of comparison among
different STM provisions. In other words, the conclusions remain valid for beams
with a higher percentage of crack control reinforcement.

Upon observation of the number of unconservative predictions for the
proposed method, it could be concluded that, from a strength standpoint, a
transverse reinforcement ratio of pL = 0.1% is adequate to ensure that the strength
of more than 95% of the specimens in the dataset. However, one of the beams
tested as part of the experimental program (Specimen III-1.85-01) had 0.1%
vertical and 0.14% horizontal reinforcement (pL = 0.15%), yet the ratio of
experimental to estimated capacity was 0.73 when using the proposed provisions.
This low strength value should not be overlooked despite all of the statistical
analyses. Therefore, based on the findings of the experimental program, a
transverse reinforcement ratio of at least 0.2% in each direction is recommended
in order to ensure adequate strength. If less reinforcement is provided, then the

chance increases that the capacity will be unconservatively estimated.
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The amount of transverse reinforcement required to ensure adequate
serviceability behavior is examined in detail and presented by Birrcher (2008). In
accordance with the current recommendations by Birrcher (2008), the following
minimum required amount of transverse reinforcement and bar spacing is
proposed:

A, =0.003-b, s Equation 6-3

A,=0003-b, s,

)

12in

%
IA

A,= Area of shear reinforcement perpendicular to the flexural tension
reinforcement, in’
A, = Area of shear reinforcement parallel to the flexural tension
reinforcement, in’
b,=  Width of beam web, in.
s; =  Center-to-center spacing of transverse reinforcement in the vertical
direction, in.
s, =  Center-to-center spacing of transverse reinforcement in the
horizontal direction, in.
It is recommended that the horizontal reinforcement be distributed
vertically across the effective area shown in Figure 6-30. The extents of the area

are taken as the extents of the direct strut.
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Figure 6-30. Distribution of horizontal reinforcement within effective height.

The extents of the effective height shown are proportioned in order to
provide horizontal reinforcement across the area of a deep beam containing the
bottle-shaped strut; thereby controlling the crack widths induced by the lateral

spreading of compression (Section 2.4.4).

OUTLINE OF PROPOSED STRUT-AND-TIE MODELING PROCEDURE

A detailed examination of the ACI 318-08, AASHTO LRFD (2008), and
fib (1999) provisions was conducted and recommendations were discussed for the
newly proposed strut-and-tie modeling procedure. For the reader’s convenience,

the proposed STM procedure is summarized as follows.

Step 1: Define Critical Nodal Regions

Stresses in a D-region concentrate into nodal zones. Failure of a D-region
is typically due to crushing of concrete in the nodal region (i.e. strut-to-node
interface, bearing face) or anchorage failure. The advantage of a strut-and-tie
model over a sectional model for the design of a D-region is that the focus of the
design is on the critical nodal regions rather than the less relevant cross-sectional
behavior. Efficiency factors are directly dependent on the assumed proportions of
the nodal region. The proposed strut-and-tie method is based on the non-

hydrostatic node proportions outlined in Section 2.3 and illustrated in Figure 6-31.
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6.6.2

Bond stresses in a smeared node region (CTT nodes) and at the back face

of the CCT node are not critical if the anchorage of longitudinal bars or stirrups is

adequately developed.
Step 2: Design Nodal Regions
The nominal compression strength of a nodal zone, F,, shall be as follows.
F,=f,"A, Equation 6-4
Where,
f..= effective compressive strength of concrete in nodal zone, psi
A = the area of the face of the nodal zone, in

nz

The effective compressive stress, f,,, on the face of a nodal zone shall not

ce’

exceed the following value.

fo=m-v-f' Equation 6-5
Where,
f.'= Specified compressive strength of concrete, psi
m= A/ <2, Triaxial confinement modification factor.
| Definition of A, and A, is illustrated in Figure 6-32
v= 085, Bearing and Back Face of CCC node.

0.70, Bearing Face and Back Face of CCT node.

It is not necessary to apply the resultant of bonding
stresses directly to the back face of a CCT node
provided that tie is adequately anchored.

(0.85 _/ %0 ksi)’ CCC and CCT Strut-to-Node Interface

Not to exceed 0.65 nor less than 0.45.
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Figure 6-32. Application of frustum to find A, in stepped or sloped supports
(ACI 318-08).

6.6.3  Step 3: Proper Detailing of Reinforcement
Anchorage, transverse reinforcement, and bar spacing requirements are

listed as follows.

6.6.3.1 Anchorage Requirements
Proper placement of tie reinforcement involves distribution of the
reinforcement across the width of the tensile zone. The centroid and direction of
the reinforcement should coincide with the axis of the tie in the truss model. Ties
shall be properly anchored behind the nodal zones. The development length may
be measured from the intersection of the extended nodal zone and the centroid of
the bars (Figure 6-33). For the sake of simplicity, it may be conservatively

measured from the face of the bearing plate.
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Figure 6-33. Tie development length.

imum Transverse Reinforcement

The following amount of transverse reinforcement shall be provided to

provide integrity and ensure adequate serviceability behavior (Birrcher 2008).

Where,

A, =0.003-b, s
A, =0003-b, s,

- ()

12in

A,= Area of shear reinforcement perpendicular to the flexural tension
reinforcement, in’

A,,= Area of shear reinforcement parallel to the flexural tension
reinforcement, in’

b, = Width of beam web, in.

s, = Center-to-center spacing of vertical reinforcement, in.

s, = Center-to-center spacing of horizontal reinforcement, in.

Horizontal reinforcement, s,, should be distributed within the effective

area illustrated in Figure 6-30.

6.7 SUMMARY

A new STM design procedure was developed for the design of deep beams

and D-regions. The fundamental principles of the proposed STM methodology
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have been derived from existing procedures in ACI 318-08, AASHTO LRFD
(2008), and fib (1999). The efficiency factors recommended for the proposed
procedure have been calibrated using the results of experimental tests, while
maintaining consistency with current design provisions. Although the efficiency
factors of the proposed procedure were calibrated based on tests of deep beams,
they were also calibrated based on maintaining consistency with current design
provisions, and theoretical principles. Thus, it is strongly believed that the
proposed STM method is valid for other types of structures.

The new method provides a significant improvement in accuracy over the
ACI 318-08 and AASHTO LRFD (2008) procedures. Thus, based on the new
STM provisions, it is proposed that the ACI 318-08 and AASHTO LRFD (2008)
provisions be modified accordingly. A summary of the proposed changes to
AASHTO LRFD (2008) and ACI 318-08 is presented in Appendix A and
Appendix B respectively. An example problem that illustrates the differences

between the existing and proposed provisions is presented in Appendix C.
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7.1

CHAPTER 7

Summary and Conclusions
SUMMARY
Since the inclusion of Strut-and-Tie Modeling (STM) provisions in the
AASHTO LRFD specifications in 1994, TxDOT engineers have been examining
the impact that the provisions have on their design of bent caps. In general, the
provisions are considered confusing as a result of discrepancies that exist between
the current AASHTO LRFD (2008) specifications and the previous AASHTO
Standard Specifications (2002). In addition, bents in the State of Texas are
experiencing diagonal cracking problems with increasing frequency. These field
related issues, taken in combination with discrepancies in the AASHTO LRFD
provisions, were the impetus for TxDOT to fund the current project. As a result,
the overall objective for the project is to develop safe and consistent design
guidelines in regards to both strength and serviceability of bent caps and other
deep beams.
In order to accomplish the aforementioned goals, the scope of the project
was divided into the following two parts, containing a total of seven specific
tasks:
PART I: Tasks presented and investigated in this dissertation.
1. Determine the influence that the distribution of stirrups across the
width of a beam web has on the strength and serviceability behavior of
a deep beam (Chapter 4).

2. Determine the influence that triaxially confined bearing plates has on
the strength and serviceability behavior of a deep beam (Chapter 5).

3. Propose a simple STM design methodology for the design of deep
beams (Chapter 6)

PART II: Tasks that will be presented by Birrcher (2008):
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7.2

4. Determine the influence that the amount of transverse reinforcement
has on the strength and serviceability behavior of a deep beam; for
varying a/d ratios and depths.

5. Investigate the effectiveness of an STM model in the transition region
between deep beam and sectional shear (i.e. at a/d = 2).

6. Recommend a methodology for determining the stress that causes the
first diagonal crack for a deep beam.

7. Recommend a methodology for relating the maximum diagonal crack
width of a deep beam to its residual capacity.

To achieve the primary research objectives outlined above in the form of
specific research tasks, a database containing 904 deep beam specimens was
compiled. Of these 904 tests, 36 were conducted as part of the current project;
therefore, data from 868 specimens were collected from previous research. It was
a goal of the research program to only consider those beams that best represent
actual bent caps. In addition, it was necessary to consider a high enough number
of beams such that statistically significant conclusion may be reached. As a result,
filtering criteria were used to remove 726 beams from the database. The criteria
were chosen to consider only beams that best represent bent caps designed in
practice. In other words, in order to accomplish the goals of the current project, it
was necessary to examine beams whose size and construction was more
representative of those used in the field. The remaining 178 tests constitute what
is referred to as the evaluation database. Of these 178 specimens, 34 were

conducted as part of the current project.

CONCLUSIONS
The conclusions of the current study are presented in this section. The
following conclusions are based on the experimental and analytical research

conducted in this study.
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7.2.1

Distribution of Stirrups across the Web of a Beam
The purpose of this task is to investigate the AASHTO LRFD (2008) STM
provision (Section 2.6.4 of this document) that limits the width of a strut framing
into a CTT node. Four tests were conducted on beams with a 217x44” cross-
section, and two tests were conducted on beams with a 36”x48” cross-section.

Both sets of tests had a shear span-to-depth ratio of 1.85. Stirrup details with two

or four legs were investigated. A transverse reinforcement ratio of 0.2% and 0.3%

in each direction was investigated. The relative serviceability performance

between stirrups with four legs and two legs was compared to one another. A

discussion of the influence of reinforcement ratio is presented by Birrcher (2008).

* The AASHTO LRFD (2008) provision requiring designers to limit the
width of a CTT node within a D-region is unnecessary. Singular node
regions are more critical than smeared node regions [fib (1999); Schlaich et al.
(1987)]. Thus, the focus of a STM design should be placed on the more critical
singular node regions. The AASHTO LRFD (2008) CTT node limitation rarely
is applicable for the design of a beam region with an a/d ratio less than two.
This fact has been validated by experimental tests conducted as part of the
current research program for beams as wide as 36-inches. It is proposed that
the provision be removed from AASHTO LRFD (2008).

* The use of additional stirrups across the width of the web did not improve
serviceability behavior of beams up to 36-inches wide when 03%
transverse reinforcement was provided in each direction. However,
additional stirrup legs improved the serviceability behavior of beams with
0.2% in each direction. When 0.3% transverse reinforcement was provided in
each direction, the serviceability performance of beams tested as part of the
current program was not influenced by the distribution of stirrups across the
web. However, crack widths for beams that were reinforced with 0.2%
transverse reinforcement in each direction were significantly smaller and more

distributed than for beams that contained four stirrup legs.
205



7.2.2

* The shear stress at which the first diagonal crack formed was not
influenced by the quantity of transverse reinforcement. The difference
between the first cracking loads for specimens containing stirrups with two
legs and reinforced with 0.2% and 0.3% transverse reinforcement was within

the range of scatter associated with the diagonal cracking capacity of concrete.

Triaxial Confinement of Load and Support Plates (CCC and CCT Nodes)

The purpose of this task is to investigate the influence that triaxial
confinement of the load or support plate (CCC or CCT node) has on the shear
strength and serviceability behavior of a deep beam. Eight tests were conducted
on beams with a 217x42” cross-section and two were conducted on beams with a
367x48” cross-section. The shear span-to-depth ratio of all specimens was 1.85.
Triaxial confinement of the load and support plates (CCC and CCT nodes) was
and a transverse reinforcement ratio of 0.2% and 0.3% in each direction was
investigated. The relative serviceability performances between confined and
unconfined bearing plates were compared to one another. A discussion of the
influence of reinforcement ratio is presented by Birrcher (2008).

* The capacity of all faces of the CCC and CCT nodal region can be

increased by the bearing capacity factor, /A%4 , included in the
1

AASHTO LRFD (2008) and ACI 318-08 provisions. ACI 318-08 §10.14 and
AASHTO LRFD (2008) Article 5.7.5 allow for an increase in the bearing
capacity of concrete when triaxial confinement is present. Based on the
experimental and analytical results of this research program, it was found that
an increase in the capacity of the CCC or CCT nodal region by a similar factor
provided for more accurate STM estimations with less unnecessary
conservatism.

* For specimens that contained a ratio of 0.2% transverse reinforcement in
each direction, the serviceability behavior was more sensitive to the

bearing plate configuration and reinforcement details. In general, the crack
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widths and crack distribution for beams with 0.2% transverse reinforcement in
each direction were wider and more erratic than beams reinforced with 0.3%
transverse reinforcement in each direction.

* The shear stress at which the first diagonal crack formed was not
influenced by triaxial confinement of the load or support plate. The
difference between the first cracking loads for specimens containing 0.2% and
0.3% transverse reinforcement was within the range of scatter associated with
the diagonal cracking capacity of concrete.

723  Newly Proposed STM Design Provisions

A new STM design procedure was developed for the design of deep
beams. The new method was formulated based on the methodology used in fib
(1999) while maintaining consistency with ACI 318-08 and AASHTO LRFD
(2008). In addition, the proposed method was calibrated based on beams that were
considered more representative of beams designed in practice — in terms of their
size and reinforcement details.

In developing an STM procedure, it was necessary to explicitly define the
truss geometries. This step cannot be over-emphasized as the performance of an
STM methodology and its efficiency factors are intrinsically linked to the
geometry of the nodal regions. Thus, the following proposal is based on an
explicitly defined single-panel truss model with non-hydrostatic nodes. This
model was used to define all of the beams in the evaluation database.

Another important aspect of the new STM design methodology is that it
was comprehensively derived based on all the stress checks that constitute an
STM design. Stress checks at all six nodal faces (three faces at CCC and three
faces at CCT nodes) and in the longitudinal tie were performed for all of the
beams in the evaluation database. The splitting of the strut was indirectly
accounted for by only considering those beams that contained a minimum amount
of transverse reinforcement. The results of the stress checks were used to

formulate the new STM design provisions. Thus, the newly proposed design
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procedure considers every facet of an STM design. Accordingly, the following

conclusion can be made:

* The newly proposed STM procedure is: (i) simpler; (ii) more accurate and
(iii) more conservative than the ACI 318-08 and AASHTO LRFD (2008)
STM design provisions. The procedure is based on the fundamental principles
of STM and on the procedures established in ACI 318-08, AASHTO LRFD
(2008), and fib 1999. Thus, it has been derived based on theoretical principle,
tests of D-regions, and by maintaining consistency with current design
provisions. The procedure is practical and has been derived in a comprehensive
and transparent manner. Implementation of the new design provisions into
AASHTO LRFD (2008) and ACI 318-08 is recommended and presented in
Appendix A and B, respectively.
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APPENDIX A
Proposed Changes to the AASHTO LRFD (2008) Bridge Design

Specifications

INTRODUCTION

The STM design methodology presented in Chapter 6 can be incorporated
into the AASHTO LRFD (2008) strut-and-tie provisions. The advantage of the
proposed methodology is that the procedure significantly simplifies the current
AASHTO LRFD (2008) STM provisions because the determination of the tensile
strain transverse to the CCT node is no longer required. In addition, the proposed
procedure is significantly more accurate than the current AASHTO LRFD
method, as illustrated in Chapter 6. Finally, the proposed method removes
unnecessary conservatism of the AASHTO LRFD (2008) provisions at high shear
span-to-depth ratios (2.0 = a/d = 1.5)

Proposed changes to the AASHTO LRFD (2008) provisions are presented

as follows. An explanation of the changes is presented as in Section A.3.
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5.6.3 Strut-and-Tie Model
5.6.3.1 General

Strut-and-tie models may be used to
determine internal force effects near supports
and the points of application of concentrated
loads at strength and extreme event limit
states.

The strut-and-tie model should be
considered for the design of deep footings and
pile caps or other situations in which the
distance between the centers of applied load
and the supporting reactions is less than about
twice the member depth.

The angle between the axes of any strut
and any tie entering a single node shall not be
taken as less than 25 degrees.

If the strut-and-tie model is selected for
structural analysis, Articles 5.6.3.2 through
5.6.3.6 shall apply.

PROPOSED CHANGES TO AASHTO LRFD BRIDGE DESIGN SPECIFICATIONS

C5.6.3.1

Where the conventional methods of
strength of materials are not applicable
because of nonlinear strain distribution, strut-
and-tie modeling may provide a convenient
way of approximating load paths and force
effects in the structure. The load paths may be
visualized and the geometry of concrete and
steel reinforcement selected to implement the
load path.

The strut-and-tie model is new to these
Specifications. More detailed information on
this method is given by Schlaich et al. (1987)
and Collins and Mitchell (1991).

Traditional section-by-section design is
based on the assumption that the
reinforcement required at a particular section
depends only on the separated values of the
factored section force effects V,, M,, and T,
and does not consider the mechanical
interaction among these force effects as the
strut-and-tie model does. The traditional
method  further assumes that shear
distribution will vary linearly over the depth of
the beam.

For members such as the deep beam
shown in Figure C5.6.3.2-1, these assumptions
are not valid. The behavior of a component,
such as a deep beam, can be predicted more
accurately if the flow of forces through the
complete structure is studied. Instead of
determining V, and M, at different sections
along the span, the flow of compressive
stresses going from the loads, P, to the
supports and the required tension force to be
developed between the supports should be
established.

The angle between the axes of a strut and
tie should be limited between 25 to 65
degrees in order to mitigate wide crack
openings and excessive strain in the
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5.6.3.2 Structural Modeling

The structure and a component or region,
thereof, may be modeled as an assembly of
steel tension ties and concrete compressive
struts interconnected at nodes to form a truss
capable of carrying all applied loads to the
supports. The determination of a truss is
dependent on the geometry of the CCC and
CCT nodal regions as defined in Figure 1. The
geometry of these singular nodal regions shall
be detailed as shown in Figures 1 and 2.
Proportions of nodal regions are dependent
on the bearing dimensions, reinforcement
location, and depth of the compression zone
as illustrated in Figure 2.

Interior nodes that are not bounded by a
bearing plate are referred to as smeared
nodes. Since D-regions contain both smeared
and singular nodes, the latter will be critical
and a check of concrete stresses in smeared
nodes is unnecessary (Schlaich et al. 1987)

The nominal resistance of each face of a
nodal region and of a tie, $P, , shall be
proportioned to be greater than the factored
force acting on the node face or in the tie, P, :

¢Pn 2 IDu (A'l)

where:

P, = nominal resistance of a node face or

tie (kip)
P, = factored force acting on the face of a

node or in a tie (kip)

¢ = resistance factor for tension or
compression specified in Article 5.5.4.2, as
appropriate

reinforcement at failure.

For additional applications of the strut-
and-tie model, see Articles 5.10.9.4, 5.13.2.3,
and 5.13.2.4.1.

C5.6.3.2

Cracked reinforced concrete carries load
principally by compressive stresses in the
concrete and tensile stresses in the
reinforcement. The principle compressive
stress trajectories in the concrete can be
approximated by compressive struts. Tension
ties are wused to model the principal
reinforcement.

A strut-and-tie model is shown in Figure 1
for a simply supported deep beam. The zone
of high unidirectional compressive stress in the
concrete is represented by a compressive
strut. The regions of the concrete subjected to
multidirectional stresses, where the struts and
ties meet the joints of the truss, are
represented by nodal zones.

Research has shown that a direct strut is
the primary mechanism for transferring shear
within a D-region. Therefore, a single-panel
truss model is illustrated in Figure 1 and may
be used in common D-regions such as:
transfer girders, bents, pile caps, or corbels.

Stresses in a strut-and-tie model
concentrate at the nodal zones. Failure of the
structure may be attributed to the crushing of
concrete in these critical nodal regions. For
this reason, the capacity of a truss model may
be directly related to the geometry of the
nodal regions. Conventional techniques to be
used for proportioning nodes are illustrated
in Figure 2.
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5.6.3.3 Proportioning of Nodal Regions
5.6.3.3.1 Strength of the Face of a Node

The nominal resistance of the face of a
node shall be taken as:

P =feuAcn (A-2)
where:
P, = nominal resistance of a the face of a

node (kip)
fou = limiting  compressive
specified in Article 5.6.3.3.3 (ksi)

A, = effective cross-sectional area of the
face of a node as specified in Article 5.6.3.3.2
(in%)

5.6.3.3.2 Effective Cross-Sectional Area of the
Face of a Node

stress as

The value of A, shall be determined by
considering the details of the nodal region as
illustrated in Figure 2.

When a strut is anchored by
reinforcement, the back face of the CCT node,
h,, may be considered to extend twice the
distance from the exterior surface of the
beam to the centroid of the longitudinal
tensile reinforcement, as shown in Figure
2(b).

The depth of the back face of the CCC
node, hy , as shown in Figure 2(a), may be
taken as the effective depth of the
compression stress block determined from a
conventional flexural analysis.

C5.6.3.3.2

A direct strut is the primary shear
carrying mechanism for a deep beam.
Therefore, previous reference to CTT nodal
regions has been removed from the
Specifications in order to place the emphasis
of a deep beam design on the more critical
CCC and CCT nodal regions.

Research has shown that the shear
behavior of conventionally reinforced deep
beams, as wide as 36 inches, are not
significantly influenced by the distribution of
stirrups across the section. Beams wider than
36 inches, or beams with a width to height
aspect ratio greater than one may benefit
from the addition of distributed stirrup legs.
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5.6.3.3.3 Limiting Compressive Stress at the
Face of a Node

Unless confining reinforcement is provided
and its effect is supported by analysis or
experimentation, the limiting compressive
stress at the face of a node, f.,, shall be taken
as:

fcu=m.v.fc' (A'3)
where:
f. = specified compressive strength of

concrete (psi)

m= confinement modification factor,

taken as A% but not more than 2 as
1

defined in Article 5.7.5
v = concrete efficiency factor:

0.85, bearing and back face of CCC node

0.70, bearing and back face of CCT node
The stress applied to the back face of
CCT node may be reduced as permitted

in 5.6.3.3.3-1.
0.85- f%Oksi' CCC and CCT strut-to-node
interface

Not to exceed 0.65 nor less than 0.45
0.45, CCC and CCT strut-to-node interface:

Structures that do not contain crack

control reinforcement (Article 5.6.3.5)

In addition to satisfying strength criteria,
the node regions shall be designed to comply
with the stress and anchorage limits specified
in Article 5.6.3.4.1 and 5.6.3.4.2.

5.6.3.3.3-1 Back Face of CCT Node

Bond stresses resulting from the force in a
developed tension tie need not be applied to
the back face of the CCT node.

C5.6.3.3.3

Concrete efficiency factors have been
selected based on simplicity in application,
compatibility with other sections of the
Specifications, compatibility with tests of D-
regions, and compatibility with other
provisions.

C5.6.3.3.3-1

The stress that must be resisted by the
back face of a CCT node can be attributed to
the anchorage of the tie, bearing from an
anchor plate or headed bar, or an external
indeterminacy such as that which occurs at a
node over a continuous support (Figure C1).
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(b) Bearing stress applied from an anchor
plate or headed bar.

F N4
1Tt

(c) Interior node over a continuous support.

Figure C5.6.3.3.3-1. Stress condition at the back face of a CCT node

If the tie is adequately developed, the
bonding stresses are not critical and need not
be applied as a direct force to the back face of
a CCT node.

If the stress applied to the back face of a
CCT node is the result of a combination of
both anchorage and a discrete force from
another strut, it is only necessary to
proportion the node to resist the direct
compression stresses. It is not necessary to
apply the bonding stresses to the back face,
provided the tie is adequately anchored.
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5.6.3.4 Proportioning of Tension Ties
5.6.3.4.1 Strength of Tie

Tension tie reinforcement shall be
anchored to the nodal zones by specified
embedment lengths, hooks, or mechanical
anchorages. The tension tie force shall be
developed at the inner face of the nodal zone.

The nominal resistance of a tension tie in
kips shall be taken as:

Pn= fyAst + Aps[fpe + fy]
where:

(A-4)

A, = total area of longitudinal mild steel
reinforcement in the tie (in’)

Ay = area of prestressing steel (in%)

f, = yield strength of mild steel longitudinal
reinforcement (ksi)

foe = stress in prestressing steel due to
prestress after losses (ksi)

5.6.3.4.2 Anchorage of Tie

The tension tie reinforcement shall be
anchored to transfer the tension force therein
to the node regions of the truss in accordance
with the requirements for development of
reinforcement as specified in Article 5.11

5.6.3.5 Crack Control Reinforcement
[Refer to Birrcher (2008) for proposed
changes.]

C.5.6.3.4.1

The second term of the equation for P, is
intended to ensure that the prestressing steel
does not reach its yield point, thus a measure
of control over unlimited cracking is
maintained. It does, however, acknowledge
that the stress in the prestressing elements
will be increased due to the strain that will
cause the concrete to crack. The increase in
stress corresponding to this action is arbitrarily
limited to the same increase in stress that the
mild steel will undergo. If there is no mild
steel, f, may be taken as 60.0 ksi for the
second term of the equation.
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EXPLANATION FOR PROPOSED CHANGES

Currently, AASHTO LRFD (2008) is organized such that a STM is
separated into its primary elements: struts, ties, and nodes and designed
accordingly. The philosophy of the proposed method is slightly different in that
the design of a strut and node-to-strut interface is not distinguished from one
another. Stresses concentrate within the nodal region, so the design of the node-
to-strut interface indirectly accounts for the design of a strut. As a result, the
proposed changes to AASHTO LRFD (2008) reorganize the design of a strut-and-
tie model into the design of the nodal regions, and the design of the ties.
Reference to the design of a strut and design of a reinforced strut has been
removed to place the emphasis of a deep beam design on the critical nodal
regions. The design of a strut is accounted for with the design of the node to strut
interface.

A detailed explanation of the proposed limiting compressive stress
(Equation A-3) is presented in Chapter 6.

In addition, the truss model used to derive the newly proposed efficiency
factors is presented in Figures 1 and 2. The purpose for including this model in
the code is to provide some explicit guidance for designers and to provide
consistency between an AASHTO LRFD (2008) truss model and the model used
to derive the new efficiency factors.

It is proposed that reference to CTT nodal regions be removed from the
AASHTO LRFD deep beam provisions. A CTT node is typically a smeared node
and is not as critical as a singular node. The purpose for removing the provision is
to place the emphasis of a deep beam design on the critical stresses in the
singular, CCC and CCT nodal regions.

The experimental program investigated the effectiveness of distributing
reinforcement across the beam web; a discussion is provided in Chapter 4. Based

on the findings of the program, it was concluded that the use of a multiple-panel
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model was not appropriate for test specimens with an a/d ratio less than two. For
the reasons discussed in Chapter 6, a single-panel model was selected to represent
the shear transfer mechanism for deep beams with an a/d ratio less than two.
SUMMARY

Proposed changes to the AASHTO LRFD Bridge Design Specifications
are summarized in this Appendix. These changes are based on the proposed STM
design methodology presented in Chapter 6. The primary changes to AASHTO
LRFD are: (i) the new efficiency factors; and (ii) the reorganization of the
provisions to focus the design of a truss model on the nodal regions rather than
the struts. As a result, the design of a strut is indirectly accounted for with the
design of the strut-to-node interface.

A design example of a multiple column bent is presented in Appendix C in
order to illustrate the differences between the proposed provisions and the current

AASHTO LRFD (2008) Bridge Design Specifications.
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APPENDIX B
Proposed Changes to ACI 318-08 Appendix A, Strut-and-Tie Models

B.1  INTRODUCTION
The STM design methodology presented in Chapter 6 can be incorporated
into the ACI 318-08 STM provisions. The advantage of the proposed
methodology is that the procedure removes some of the ambiguity associated with
the loosely defined truss model and the redundant stress checks contained in the
ACI 318-08 provisions. Also, the proposed procedure is significantly more
accurate than the current ACI 318-08 method, as illustrated in Chapter 6.
Proposed changes to the ACI 318-08 provisions are presented as follows.

An explanation of the changes is presented in Section B.3.
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B.2

A.2 Strut-and-tie model design procedure

A.2.1 - It shall be permitted to design
structural concrete members, or D-Regions in
such members, by modeling the member or
region as an idealized truss. The truss model
shall contain struts, ties, and nodes as defined
in A.1. The truss model shall be capable of
transferring all factored loads to the supports
or adjacent B-regions.

A.2.2 — The strut-and-tie model shall be in
equilibrium with the applied loads and the
reactions.

A.2.3 — In determining the geometry of the
truss, the dimensions of the struts, ties, and
nodal zones shall be taken into account.

A.2.4 — Ties shall be permitted to cross struts.
Struts shall cross or overlap only at nodes.

A.2.5 — The angle, 6, between the axes of any
strut and any tie entering a single node shall
not be taken as less than 25 degrees.

A.2.6 - The determination of a truss is
dependent on the geometry of the CCC and
CCT nodal regions as defined in Figure 1. The
geometry of these singular nodal regions shall
be detailed as shown in Figures A-1 and A-2.
Proportions of nodal regions are dependent
on the bearing dimensions, reinforcement

CHANGES TO ACI 318-08 APPENDIX A, STRUT-AND-TIE MODELS

RA.2 - Strut-and-tie model procedure

RA.2.1 — The truss model described in A.2.1 is
referred to as a strut-and-tie model. Details of
the use of strut-and-tie models are given in
Reference A.1 through A.7.

Strut-and-tie models represent strength limit
states and designers should comply with the
requirements for serviceability in the code.
Deflections of deep beams or similar members
can be estimated using an elastic analysis to
analyze the strut-and-tie model. In addition,
the crack widths in a tie can be checked using
10.6.4, assuming the tie is encased in a prism
of concrete corresponding to the area
illustrated in Figure A-2(b).

RA.2.5 — The angle between the axes of the
struts and ties acting on a node should be
large enough to mitigate cracking and to avoid
incompatibilities due to shortening of the
struts and lengthening of the ties occurring in
almost the same directions. This limitation on
the angle prevents modeling the shear spans
in slender beams using struts inclined at less
than 25 degrees from the longitudinal steel.
See Reference A.6

RA.2.6 - Research has shown that a direct
strut is the primary mechanism for
transferring shear within a D-region.
Therefore, a single-panel truss model is
illustrated in Figure 1 and may be used in
common D-regions such as: transfer girders,
bents, pile caps, or corbels.
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location, and depth of the compression zone
as illustrated in Figure A-2.

A.2.7 - Interior nodes that are not bounded
by a bearing plate are referred to as smeared
nodes. Since D-regions contain both smeared
and singular nodes, the latter will be critical
and a check of concrete stresses in smeared
nodes is unnecessary (Schlaich et al. 1987)

Bearing Face

Stresses in a strut-and-tie model concentrate
at the nodal zones. Failure of the structure
may be attributed to the crushing of concrete
in these critical nodal regions. For this reason,
the capacity of a truss model may be directly
related to the geometry of the nodal regions.
Conventional techniques to be used for
proportioning nodes are illustrated in Figure
A-2.

L Back

Interface

CCC Nodal Zone -
Figure A-2(a) ;

CCT Nodal Zone
Figure A-2(b)

~. /
~/

| Face

——

Bearing Face

Figure A-1 Strut-and-Tie Model for a Deep Beam
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Figure A-2. Nodal Geometries.

A.2.7 — Design of struts, ties, and nodal zones
shall be based on

oF, 2 F, (A-1)
where F, is the factored force acting in a strut,
in a tie, or on one face of a nodal zone; F, is

the nominal strength of the strut, tie, or nodal
zone; and ¢ is specified in 9.3.2.6.

A.3 Strength of struts

A.3.1 — The nominal compressive strength of a
strut without longitudinal reinforcement, F,s,
shall be taken as the smaller value of

RA.2.7 - Factored loads are applied to the
strut-and-tie model, and the forces in all the
struts, ties, and nodal zones are computed. If
several loading cases exist, each should be
investigated. The strut-and-tie model, or
models, are analyzed for the loading cases
and, for a given strut, tie, or nodal zone, F, is
the largest force in that element for all loading
cases

RA.3 - Strength of struts

RA.3.1 — The width of strut, w,s used to compute
A is the smaller dimension perpendicular to the
axis of the strut at the ends of the strut. This strut
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Frs = feeAcs (A-Z)
at the two ends of the strut, where A is the
cross-sectional area at one end of the strut,
and fe is
the effective compressive strength of the

concrete at the node-to-strut interface given
in A.6.2.

A.4 Minimum Reinforcement

A.4.1 - Except for slabs or footings, a
minimum amount of shear reinforcement
shall be provided according to A.4.2 and
A.4.3.

A.4.2 - The area of shear reinforcement
perpendicular to the flexural tension
reinforcement, A,, shall not be less than
0.002b,,s,, and s, shall not exceed the smaller
of d/5 and 12 in.

A.4.3 - The area of shear reinforcement
parallel to the flexural tension reinforcement,
A.n, shall not be less than .002b,s,, and s,
shall not exceed the smaller of d/5 and 12 in.

A.4.4 - [Serviceability requirement per
Birrcher (2008)]

A.5 = Strength of Ties

A.5.1 — The nominal strength of a tie, Fnt ,
shall be taken as

Fre= Atsfy + Atp(fse + Afp) (A'3)

where (fse + Af,) shall not exceed f,,, and Ay, is
zero for nonprestressed members.

In Eq. (A-3), it shall be permitted to take Af,
equal to 80,000 psi for bonded prestressed
reinforcement or 10,000 psi for unbonded
reinforcement. Other values of Af, shall be
permitted when justified by analysis.

A.5.2 — The axis of the tie reinforcement in a
tie shall coincide with the tie in the strut-and-
tie model

width is illustrated in Figure A-2(a) and A-2(b).
Stresses in a strut-and-tie model concentrate at
the nodal regions. Design of a strut at the strut-
to-node interface is accounted for with the
design of the nodal regions in A.6.

RA.4 - Transverse reinforcement in the vertical
and horizontal direction provides deformation
capacity for a structural member and reduces the
risk of a premature failure after cracking has
occurred.

RA.5.2 — The effective tie width assumed in
design, w;, may be considered to extend twice
the distance from the exterior surface of the
beam to the centroid of the longitudinal
tensile reinforcement, as shown in Figure A-
2(b)
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A.5.3 —Tie reinforcement shall be anchored by
mechanical devices, post-tensioning
anchorage devices, standard hooks, or straight
bar development as required by A.5.3.1
through A.5.3.4.

A.5.3.1 - Nodal zones shall develop the
difference between the tie force on one side
of the node and the tie force on the other side.

A.5.3.2 — At nodal zones anchoring one tie, the
tie forces shall be developed at the point
where the centroid of the reinforcement in a
tie leaves the extended nodal zone and enters
the span.

A.5.3.3 — At nodal zones anchoring two or
more ties, the tie force in each direction shall
be developed at the point where the centroid
of the reinforcement in the tie leaves the
extended nodal zone.

A.5.3.4 - The transverse
required by A.4 shall be
accordance with 12.13.

reinforcement
anchored in

A.6 — Strength of nodal zones

A.6.1 — The nominal compression strength of
a nodal zone, F,,, shall be

Fon = feeAnz (A'4)
where f. is the effective compressive
strength of the concrete in the nodal zone as
given in A.6.2, and A,; is the smaller of (a) and
(b):
(a) The area of the face of the nodal zone on
which F, acts, taken perpendicular to the line
of action of F,

(b) The area of a section through the nodal
zone, taken perpendicular to the line of
action of the resultant force on the section.

RA.5.3 - Figure RA-1 shows two ties anchored
at the nodal zone. Development is required
where the centroid of the tie crosses the
outline of the extended nodal zone.

_—

T Axis of strut

Nodal

20N¢ Extended

noxda

s .
‘| T > \
i ; \
L

Figure RA-1 — Extended Nodal Zone Anchoring
Two Ties (ACI 318-08)

The development length of the tie

reinforcement can be reduced through hooks,

mechanical devices, additional confinement,

or by splicing it with several layers of smaller

bars.

RA.6 - Strength of Nodal Zones

RA.6.1 — The value of A, shall be determined
by considering the details of the nodal region
as illustrated in Figure A-2.

When a strut is anchored by

reinforcement, the back face of the CCT node,
h,, may be considered to extend twice the
distance from the exterior surface of the
beam to the centroid of the longitudinal
tensile reinforcement, as shown in Figure
2(b).
The depth of the back face of the CCC node,
hs, as shown in Figure 2(a), may be taken as
the effective depth of the compression stress
block determined from a conventional
flexural analysis.
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A.6.2 — Unless confining reinforcement is
provided within the nodal zone and its effect is
supported by tests and analysis, the calculated
effective compressive stress, f.., on a face of a
nodal zone due to the strut-and-tie forces shall
not exceed the value given by

Jee = 0-85'/3n'm'fc' (A-5)

where the confinement modification factor,

m, is taken as W/A% but not more than 2 as
1

defined in 10.14. The value of B, is given in
A.6.2.1 through A.6.2.4.

A.6.2.1 —At the bearing and back face
of a CCC node: 8, = 1.0;

A.6.2.2 — At the bearing and back face of a
CCT node: B,=0. 85;

The stress applied to the back face of a CCT
node may be reduced as permitted in A.6.2.3

A.6.2.3 - Bond stresses resulting from the
force in a developed tension tie need not be
applied to the back face of the CCT node.

RA.6.2 - The nodes in two-dimensional
members, such as deep beams, can be
classified as CCC if all the members

intersecting at the node are in compression; as
CCT if on of the members acting on the node is
in tension, and so on. The effective
compressive strength of the nodal zone is
given by Eq. (A-5), as modified by A.6.2.1
through A.6.2.3

The B, values reflect the increasing degree of
disruption of the nodal zones due to the
incompatibility of tension strains in the ties
and compression strains in the struts. The
stress on any face of the nodal zone or on any
section through the nodal zone should not
exceed the value given by Eg. (A-5), as
modified by A.6.2.1 through A.6.2.3.

The B, values have been selected based on
simplicity in application, compatibility with
other sections of the Code, compatibility with
tests of D-regions, and compatibility with
other provisions

RA.6.2.3 - The stress that must be resisted by
the back face of a CCT node can be attributed
to the anchorage of the tie, bearing from an
anchor plate or headed bar, or an external
indeterminacy such as that which occurs at a
node over a continuous support (Figure RA-
2).
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(b) Bearing stress applied from an anchor
plate or headed bar.

S\
1T U

(c) Interior node over a continuous support.

Figure RA-2. Stress condition at the back face of a CCT node

If the tie is adequately developed, the
bonding stresses are not critical and need not
be applied as a direct force to the back face of
a CCT node.

If the stress applied to the back face of a
CCT node is the result of a combination of
both anchorage and a discrete force from
another strut, it is only necessary to
proportion the node to resist the direct
compression stresses. It is not necessary to
apply the bonding stresses to the back face,
provided the tie is adequately anchored.
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A.6.2.4 —At the CCC and CCT strut-to-node
interface:

(a) Structures meeting the minimum
reinforcement requirements of A.4.2 and

A.4.3:
_1_/f
B,=1- 47ksi

not less than 0.50 nor more than 0.75.

(A-6)

(b) Structures not meeting the minimum
reinforcement requirements of A.4.2 and
A.4.3: B,=0.50

(c) For struts in tension members, or the
tension flanges of members: B, = 0.40

A.6.2.5 — For all other cases: 8, = 0.60

A.6.3 — In a three-dimensional strut-and-tie
model, the area of each face of a nodal zone
shall not be less than that given in A.6.1, and
the shape of each face of the nodal zones shall
be similar to the shape of the projection of the
end of the struts onto the corresponding faces
of the nodal zones.

B3

RA.6.3 — This description of the shape and
orientation of the faces of the nodal zone is
introduced to simplify the calculations of the
geometry of a three-dimensional strut-and-tie
model.

EXPLANATION FOR PROPOSED CHANGES

Currently, ACI 318-08 is organized such that a STM is separated into its

primary elements: struts, ties, and nodes; and designed accordingly. The

philosophy of the proposed method is slightly different. The geometry of a truss

model is completely dependent on the geometry of the nodal regions. The design

of a strut and node-to-strut interface is not distinguished from one another.

Stresses concentrate within the nodal region, so the design of the node-to-strut

interface indirectly accounts for the design of a strut.

The intent of the minimum reinforcement requirement when using a STM

is to provide sufficient deformation capacity to the structure so that it may deform

into the assumed truss model upon the application of load. However, the intent of

the current reinforcement requirement in ACI 318-08 (Section A.3.3) is to provide

integrity to a single element (i.e. a bottle-shaped strut) rather than the overall
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structure. Therefore, it is proposed that the minimum reinforcement requirement
be changed in order to provide deformation capacity globally rather than locally.
The proposed minimum reinforcement requirement is similar to the empirical
limit specified in Chapter 11 of the ACI 318 provisions. In addition, the proposed
requirement is simpler, more straightforward, and does not allow the designer to
provide reinforcement in an improper manner.

Reference to the use of compression reinforcement to increase the strength
of a strut has been removed because, regardless of the strength of a strut, the
capacity of a STM model is determined by the strength of the nodal boundaries.

A detailed explanation of the proposed limiting compressive stress
(Equation A-8) is presented in Chapter 6.

Finally, it is proposed that a substantial amount of the discussion
contained in the Commentary be removed from Appendix A. Currently, it appears
that the information contained in the Commentary is aimed at educating engineers
on the use of strut-and-tie models. However, the quantity of information can be
considered overwhelming. The responsibility of the ACI 318-08 Building Code is
not to educate its users. Therefore, it is recommended that the discussion
contained in the Commentary be limited to information that provides additional

insight or background information with regard to the design provisions.

SUMMARY

Proposed changes to the ACI 318-08 STM provisions are summarized in
this Appendix. These changes are based on the proposed STM design
methodology presented in Chapter 6. The primary changes to ACI 318-08 are: (i)
the new efficiency factors and; (ii) the reorganization of the provisions to focus
the design of a truss model on the nodal regions rather than the struts. The design

of a strut is indirectly accounted for with the design of the strut-to-node interface.

228



A design example of a multiple column bent is presented in Appendix C in
order to illustrate the differences between the proposed provisions and the current

ACI 318-08 STM provisions.

229



Cl1

APPENDIX C
Design Example: Multiple Column Bent Cap

OVERVIEW

The purpose of this example problem is to compare the AASHTO LRFD
(2007) and ACI 318-08 deep beam shear design provisions with the newly
proposed STM methodology presented in Chapter 6. This example problem
examines an actual multiple-column bent cap that has experienced shear cracking
problems. The structure contains several shear regions of interest, including: a D-
region with an a/d ratio of 0.85; and a region with an a/d ratio of 2.05. As a result,
the structure allows for an opportunity to compare design provisions for D-
regions with relatively low and high a/d ratios. In addition, the capacity of the
portion with an a/d ratio of 2.05 can be analyzed according to sectional shear or
strut-and-tie modeling provisions. Thus, the example problem also provides an
opportunity to examine the discontinuity between sectional shear and STM
provisions. Finally, this example represents an actual structure that has
experienced extensive diagonal shear cracking; so extensive, in fact, that a costly
retrofit project was undertaken in order to strengthen the structure (Figure C-1).
As such, this example provides for an opportunity to evaluate potential design

deficiencies; both from a strength and serviceability standpoint.
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Max Crack = 0.035 in. [

Figure C-1. I-45 over Greens Road Bent Cap

The multiple-column bent cap to be investigated is used to support an 86-
foot wide portion of a 180-foot wide roadway; comprised of nine 12-foot wide
traffic lanes and one 25-foot wide high occupancy vehicle (HOV) lane. This
particular cap is considered to be the most critical of all the structures supporting
the roadway. A layout of the bent cap is illustrated in Figure C-2; cross-sectional
details are presented for the two critical regions under investigation (a/d equal to

0.85 and 2.05).
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As mentioned, this cap has experienced diagonal cracking problems in the
field. For that reason, the details presented in Figure C-2 are considered to be a
preliminarily model of the structure. The capacity of each shear region is either
verified to be adequate, or is modified as necessary in order to meet the
requirements of AASHTO LRFD (2008), ACI 318-08, and the proposed
provisions. Afterwards, comparisons are presented between the three design
provisions for the two shear regions.

The design dead and live loadings are presented as follows. The self
weight of the bent is distributed to the four girder locations in order to easily

apply it to a truss model.

Dead Loads
Steel Box Girder: (1,252 plf)-(185 ft) =232 kip
10in.)- (86.2 f1)- (185 ft)- (0.15k
Concrete Deck: ( m) ( f) ( f) ( Cf) =498 kip
4 girders
3.75ft)-(73.2ft)-(6ft)(0.15k
Self Weight: B75A)-( f) OO I5Ks) ¢, kip
4 girders
2 Dead =792 kip
Live Loads
Potential Lanes: 86.2f: 12t =7 lanes
0.64klf)- (185 ft)- (7 L
Lane Load: ( f) ( - f) ( anes) =207 kip
4 girders
2 wheels)- (16kip)- (7 1
Axle Load: (1.3)-( whee S) ( lp) ( anes) =73 kip
4 girders
2 Live = 280 kip

Service Load
The load case that is used to examine the amount of service load applied to
the structure is the SERVICE I load case specified in AASHTO LRFD (2008).
P, =792 kip + 280 kip P,=1072 kip
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Factored Load

Load factors specified by AASHTO LRFD (2008) and ACI 318-08 are
slightly different from one another. For the purpose of comparison, the proposed
methodology will use the same load factors as AASHTO LRFD (2008).
AASHTO LRFD: STRENGTH I

= 1.25:(792 kip) + 1.75(280 kip) P, sisuro = 1480 kip
ACI 318-08
= 1.2:(792 kip) + 1.6+(280 kip) P, \ci = 1398 kip

Resistance Factors

Resistance factors specified by AASHTO LRFD (2007) and ACI 318-08
are slightly different from one another. For the purpose of comparison, the
proposed methodology will use the same resistance factors as AASHTO LRFD:
AASHTO LRFD

Struts and Nodal Regions, ¢ =0.70

Steel Tie, »=090
ACI 318-08

Struts and Nodal Regions, ¢ =0.75

Steel Tie, »=090
DEEP BEAM DESIGN

This bent example problem has three distinct shear regions. The first D-
region has an a/d ratio of 0.85; this portion is designed using strut-and-tie
provisions; as presented in Section C.2.2. The next shear region has an a/d ratio
greater than 3.5 and would be designed using typical sectional shear provisions.
Finally, the third region has an a/d ratio of approximately 2.05 (the a/d ratio varies
between 1.9 and 2.1 depending where the depth is measured). This portion of the
beam is considered to be in the transition zone where the shear behavior of a
beam converts from sectional to deep beam shear. Therefore, this portion of the

structure could be designed using either a strut-and-tie model or typical sectional
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Varies: 5.5 to 6.5 ft

shear provisions. The STM design for this region is presented in Section C.2.3
and the sectional shear design for this region is presented in Section C.3.

When designing a D-region using a strut-and-tie model, the first step is to
determine the configuration of the truss model and resulting forces in the truss

elements. A preliminary truss model is determined as follows.

Determination of Preliminary Truss Model
The structure illustrated in Figure C-2 is modeled as a truss with
compressive struts and tensile ties and presented in Figure C-3. The AASHTO
LRFD (2007) factored load, P, ,4sur0- 15 applied to the structure at each girder
support. Only one half of the structure is presented; the bent is symmetric about

its centerline, therefore, the loading and proportions of the other half are identical.

1480 kip 1480 kip

= 1254 B 742 C 458 Diugez\/E 948 F

AN 4 ’ ’ /,‘ SS o ‘
S > ,/ A // ’ &/ ~o 2
/ Ve, /Rl ;2 8| 1~Y0s Symmetric
N N o © ©|, o S~ about
50° s 7 . ’ 4 951 % N €
\\ /—__74.4_-___ ’_ _'15—8—- 4 J\‘-\\\
Yol H I AK

‘ STM 1])2104 Kip  sectional Shear Region STM 3356 kip
a/d=0.85 a/d =2.05

Figure C-3. Strut-and-tie model with AASHTO LRFD (2008) factored loads.

According to the proposed provisions, a deep beam region can be modeled
with a single panel strut provided the a/d ratio is less than 2.5. Similarly,
according to ACI 318-08, a single-panel strut may be used provided the angle of
inclination is greater than 25-degrees; AASHTO LRFD (2008) does not limit a
strut’s angle of inclination. As a result, both D-regions are shown in Figure C-3 as
single compression struts. Also, it is necessary to model the sectional shear
portion of the bent as part of the overall truss in order to adequately represent the

entire structure. Even though this portion of the structure is designed using
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sectional shear provisions, it is necessary to model the entire bent so that the
correct quantity of shear is transferred to Strut EK.

Typically, the top and bottom chord of a STM is positioned based on the
location of the centroid of the longitudinal reinforcement or the depth of
compression zone depending on whether the chord resists tension or compression,
respectively. In a continuous element, the top and bottom chord resist both tension
and compression. For the sake of simplicity, both of their locations are based on
the centroid of the longitudinal reinforcement. For this example problem, the
centroid of the longitudinal reinforcement is, on average, taken to be 5.75-inches
below the top surface and 8.5-inches above the bottom surface.

Shear Region with an a/d Ratio Equal to 0.85

A close-up of the critical Strut AG and respective nodal zones is presented

to scale in Figure C-4.

1480 kip

NODE A
(CCT)

N
\,
\

54.4°

(49.7°) i\\
\
\

5 - 3.75”

NODE G
per global (CCO)

STM

e T e |

-r‘i 39.4” | /
u 4
1480 kip

Figure C-4. Critical strut in region with a/d equal to 0.85 (AASHTO LRFD

factored loads).
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The length of Node G is proportioned based on the amount of force that is
transferred to the near support. As a result, the angle of inclination of Strut AG
shown in Figure C-4 is slightly different from the angle in the global model
shown in Figure C-3 (54.4 versus 49.7-degrees, respectively). If the global truss
model were to be updated with this new angle, then the forces in the elements
would change slightly. However, it is common practice to ignore this slight
discrepancy. Therefore, the truss elements shown in Figure C-4 are designed for
the forces presented in Figure C-3.

In order to design Strut AG, the allowable capacity of each nodal face (i.e.
bearing face, back face, and strut-to-node interface) must be greater than the force
applied to the boundary. This procedure is presented for the proposed method,
ACI 318-08 and AASHTO LRFD (2008) provisions in Sections C.2.2.1 through
C223.

C.2.2.1 Design of Region with ald = 0.85: Proposed Method
For further information on the proposed STM procedure, details are

presented in Chapter 6.

Node A (CCT Node)

The back face of node A must resist the bonding stresses developed by the
anchorage of the tie. For this type of condition, stresses at the back face of a CCT
node are not critical.

The first step of the proposed method is to determine the triaxial

confinement factor, m, as illustrated in Figure C-5.
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Figure C-5. Determination of Triaxial Confinement Factor

Triaxial Confinement Factor: m = \/ (451'”V L =204=2
(221;7)2
BEARING FACE
Factored Load: F,= 1480 kip
Efficiency: v =20.70
Concrete Capacity: Lo =mvf.” =(2)(0.7)«(5 ksi) = 7.0 ksi

OF, = (0.7)-(7.0 ksi)-(22 in.)(22 in.)
= 2372 kip > 1480 kip OK

STRUT-TO-NODE INTERFACE

Factored Load: F,= 1940 kip

- : _5Sksi _
Efficiency: 0.65 < (0.85 S ksi) <045 =060
Concrete Capacity: fow = mvf.” = (2)(0.60)(5 ksi) = 6.0 ksi

QF, = (0.7)(6.0 ksi)(24.6 in.)«(22 in.)
= 2273 kip > 1940 kip OK
Thus, according to the proposed procedure, the strength of Node A is

sufficient to resist the applied forces. The capacity of Node G is determined as
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follows. Node G is not triaxially confined, so the confinement factor, m, is equal

to one.
Node G (CCC Node)
Triaxial Confinement Factor: m=1.0
BEARING FACE
Factored Load: F,= 1480 kip
Efficiency: v=0385

Concrete Capacity:

BAcK FACE
Factored Load:
Efficiency:

Concrete Capacity:

STRUT-TO-NODE INTERFACE

Factored Load:
Efficiency:

Concrete Capacity:

fu=mvf =(1)-(085) (5 ksi) = 4.3 ksi
OF, = (0.7)-(4.3 ksi)(394 in.)(45 in.)
= 5337 kip > 1480 kip OK

F, = 1254 kip
v =085
fou=mvf” = (1)(0.85)(5 ksi) = 4.3 ksi
OF, = (0.7)(4.3 ksi)(17 in.)(45 in.)

= 2303 kip > 1254 kip OK

F, = 1940 kip
_Sksi _
0.65 < (0.85 S ksi) <045 =0.60
fo = mvf” = (1)(0.6)(5 ksi) = 3.0 ksi
OF, = (0.7)(3.0 ksi)(41.9 in.)(45 in.)
= 3960 kip > 1940 OK

Thus, according to the proposed procedure, the strength of Node G is

sufficient to resist the applied forces. The capacity of Tie AB must also be

evaluated; its capacity is determined as follows.

Tie AB
Factored Load:
Efficiency:

F,= 1254 kip
v=1.0
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Tie Capacity: (1.0)(60ksi)(20)(1.56 in®) = 1872 kip
QF, = (0.9)(1872 kip)
= 1685 kip > 1254 kip OK
Thus, the capacity of Tie AB is adequate. Verifying the tie capacity is
essentially the same procedure for all three provisions. Therefore, this check is not

repeated for other provisions.

Minimum Transverse Reinforcement
According to Birrcher (2008), the following minimum amount of

transverse reinforcement is required to ensure adequate serviceability behavior.

A, ,=0003-b, s = 2(044 in’) = 0.003(45in)s,
s, = 6.5in

A,=0003-b, s, = 2(0.60 in’) = 0.003(45in)s,
s, = 8.9in

Provide #6 vertical stirrups at 6.5-inches and #7 horizontal bars at 8.5-
inches on center. Distribute the horizontal reinforcement in the area defined in
Figure 6-28.

A summary of the preceding design is presented in Section C.2.2.4 along
with the other provisions. Next, Strut AG and respective nodal regions are

designed according to ACI 318-08.

C.2.2.2 Design of Region with ald = 0.85: ACI 318-08
Check the ACI 318-08, §A.3.3.1 requirement for an adequately reinforced
strut (discussed in Chapter 2, Equation 2-4).

. . 2 . . 2
3 A sinor, = A 04din” ) 35 60 | 2000 )G 5440
b, s, 45in - 4.25in 45in - 8.6in
= 0.008 > 0.003 OK

Thus, according to ACI 318-08 §A3.2.2, the strut is adequately reinforced.

As a result, a higher strut efficiency factor of 0.75 may be used.
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Refer to Figure C-4 for preliminary strut proportions and applied loads.

The ACI 318-08 load factors are lower than those applied to the STM presented in

Figure C-3; as a result, the loads shown are multiplied by a factor of 0.945 (i.e.
P, s/ P ansuro = 1398/1480 = 0.945).

Node A (CCT Node)

BEARING FACE
Factored Load:
Efficiency:

Concrete Capacity:

BAcK FACE
Factored Load:
Efficiency:

Concrete Capacity:

STRUT-TO-NODE INTERFACE
Factored Load:
Efficiency:

Concrete Capacity:

F, = 1398 kip
B =080
fou=0858f." = (0.85)(0.8)(5 ksi) = 3.4 ksi
OF, = (0.75)(34 ksi)(22 in.)(22 in.)

= 1234 kip < 1398 kip NG!

F, = 1185 kip
B =080
£ = 085Bf." = (0.85)(0.8)(5 ksi) = 34 ksi
OF, = (0.75)(34 ksi)(11.5 in.)(22 in.)

= 645 kip < 1185 kip NG!

F, = 1833 kip
B =075
£.,=0.858f." = (0.85)(0.75)(5 ksi) = 3.2 ksi
OF, = (0.75)(3.2 ksi)(24.6 in.)(22 in.)

= 1299 kip < 1833 kip NG!

Thus, the capacity of Node A does not meet the requirements of ACI 318-

08. By inspection, Node A is more critical than Node G. The most critical

location of Node A is its back face. Therefore, the bearing plates and beam must

be resized in order to provide the back face of Node A with sufficient capacity.
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Typically, if a designer wishes to increase the capacity of a truss element,
the simplest way is to increase the size of the bearing plate. However, there are
realistic limits to the maximum size of a plate that can be provided. For this
example, a 30”x30” bearing plate is considered to be a reasonable maximum size.
It follows that increasing the size of the bearing plate to 30”x30” does not
sufficiently increase the capacity of Strut AG in order for it to meet the
requirements of ACI 318-08.

Based on the ACI 318-08 STM provisions, additional shear capacity can
be attained by increasing the depth of the bent; increasing the compressive
strength of concrete; providing supplementary longitudinal reinforcement in order
to increase the assumed height of the back face of a CCT node; or by a
combination of all three of these methods.

Increasing the compressive strength of concrete can sometimes be a
simple way to increase the capacity of a structure. However, TxDOT has
expressed concern about maximum curing temperature in regard to concrete
durability. Thus, it is believed that concrete compressive strengths in excess of
5000-psi are impractical. In addition, for the purpose of comparison among
different design provisions, the compressive strength of concrete is constantly
maintained to be 5000-psi.

For the purpose of this example problem, additional capacity is acquired
by increasing the depth of the bent and/or nodal region. Most likely, the solution
determined for this example would vary from those selected in a design office
given the many external factors involved. Nonetheless, the conclusions formed
from comparing the provisions to one another will remain valid regardless of
differences in preferences.

In order for Strut AG (Figure C-4) to meet the requirements of ACI 318-
08, its overall depth must be increased by 18-inches and the depth of the back face
of Node A must be increased by 2.5-inches. As a result, the depth of the global
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model shown in Figure C-3 is increased by 16.75-inches (18”7 — 25%: 16.75”)

and the forces in the truss members are recalculated accordingly. The strut
proportions and loads associated with these increases are illustrated in Figure C-6.

1398 kip

NODE A
(CCT)

% 1683 kip

\

\,

62° \
(56.2/ Y

8.5”

per global
STM

| |
39.6" —>
4"} 1398 kip
|
Figure C-6. Strut proportions associated with an increase in overall depth of

18-inches and increase in back face of Node A of 2.5-inches (ACI 318-08 load

factors)

The capacity of the critical back face of Node A is calculated as follows
according to ACI 318-08.

BACK FACE OF NODE A, PER FIGURE C-6

Factored Load: F,=938 kip
Efficiency: B =080
Concrete Capacity: fow = 0.850f." = (0.85)(0.8)(5 ksi) = 3.4 ksi

OF, = (0.75)(34 ksi)(14 in.)(30 in.)
= 1071 kip > 938 kip OK
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Thus, the capacity of the bent illustrated in Figure C-6 meets the
requirements of ACI 318-08.
Minimum Transverse Reinforcement

ACI 318-08 does not require a minimum amount of transverse
reinforcement. However, in order to use the higher strut efficiency factor, the

following minimum amount of reinforcement must be provided:

> bAXi sina, >0.003

s.si
If it is assumed the vertical and horizontal reinforcement ratios are
identical,

p-sin28°+ p-sin62°>0.003

Thus,

Py = pvr > 0.0022

Provide #5 vertical stirrups at 6-inches and #6 horizontal bars at 8.5-inches
on center.

A summary of the preceding ACI 318-08 design is presented in Section
C.2.2.4 along with the other provisions. Next, Strut AG and respective nodal
regions are designed according to AASHTO LRFD (2008).

C.2.2.3 Design of Region with ald = 0.85: AASHTO LRFD

Refer to Figure C-4 for preliminary strut and nodal proportions, and

respective applied loads.

Node A (CCT Node)
BEARING FACE
Factored Load: F,= 1480 kip
Efficiency: v=0.75
Concrete Capacity: Lo = =(0.75)(5 ksi) = 3.8 ksi

OF, = (0.7)(3.8 ksi)(22 in.)(22 in.)
= 1287 kip < 1480 kip NG!
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BACK FACE

Factored Load: F,= 1254 kip
Efficiency: v=0.75
Concrete Capacity: Lo =V =(0.75)(5 ksi) = 3.8 ksi

QF, = (0.7)(3.8 ksi)(11.5in.)(22 in.)
=673 kip < 1254 kip NG!
STRUT-TO-NODE INTERFACE
Factored Load: F,= 1940 kip

Solve set of four equations simultaneously:

1

Concrete Efficiency: v=——-—<085 = 0.76
0.8-170-¢

Tensile Strain Term: g =&, + (g, +0.002)cot*54.4° = 0.0030

Tie Tensile Strain: £, = F, cos>44 = 0.0013

" (20-1.56in%)- (29,000ksi)

Strength of Nodal Face: F,=v(5 ksi)(24.6 in.)(22 in.) = 2058 kip
QF, = (0.7)(2058 kip)

= 1441 kip < 1940 kip NG!
By inspection, Node A is more critical than Node G. The most critical
location of Node A is its back face. Therefore, the bearing plates and beam are
proportioned such that Node A meets the requirements of AASHTO LRFD
(2008). For the purpose of comparison, the nominal capacity of Node A is
determined for the same strut proportions required by ACI 318-08 (Figure C-6).

BACK FACE OF NODE A, PER FIGURE C-6

Factored Load: F,=993 kip
Efficiency: v=0.75
Concrete Capacity: Lo =V =(0.75)(5 ksi) = 3.8 ksi

OF, = (0.7)(3.8 ksi)(14 in.)(30 in.)
= 1117 kip > 993 kip OK
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Thus, for an a/d ratio of 0.85, the requirements of AASHTO LRFD (2008)
are similar to ACI 318-08.

Minimum Transverse Reinforcement

AASHTO LRFD requires a vertical and horizontal reinforcement ratio of
0.3% of the gross area for controlling crack widths. So, based on this requirement,
provide #6 vertical stirrups at 6.5-inches and eighteen #7 horizontal bars
distributed evenly across the height of the section (resulting spacing is 5.75-

inches).

C.2.24 Comparison of Design Provisions for Shear Region with a/d = 0.85
A comparison between the results obtained from the three design
methodologies for the D-region with an a/d ratio equal to 0.85 (Figure C-2, Cross-

Section A) is presented in Figure C-7.
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Figure C-7. Comparison of required cross-section per the proposed method, ACI 318-08, and AASHTO LRFD:
a/d ratio = 0.85.



Based on a comparison of the three provisions, the following observations
can be made.

The proposed method results in a much higher nominal capacity than
those obtained by using the ACI 318-08 and AASHTO LRFD (2008) provisions.
As a result, the required cross-section is significantly smaller. This is primarily
attributed to the fact that the proposed provisions recognize that the back face
check is overly conservative when the applied stress is attributed to bond of the
anchored reinforcement. The capacity of the structure as determined by the ACI
318-08 and AASHTO LRFD (2008) provisions is controlled by the capacity at the
back face of the CCT node. According to the proposed provisions, provided the
tie is properly anchored behind the node, the stress check at this nodal face is not
critical.

Also, the smaller bearing plate (22”x22”) did not adversely affect the
nominal capacity of the structure. The proposed method considers the increase in
concrete compressive strength provided by triaxial confinement. Alternatively, the
ACI 318-08 and AASHTO LRFD (2008) provisions do not consider the increase
provided by triaxial confinement, so the bearing plate dimensions had to be
increased to the maximum possible size (i.e. 30”x307).

Finally, the minimum amount of transverse reinforcement required by the
proposed method, ACI 318-08 and the AASHTO LRFD (2008) specifications is
significantly less than the amount contained in the existing bent. However, the
fact that the structure contains an amount in excess of the minimum is not a
deficiency. On the contrary, additional transverse reinforcement will provide for
narrower crack widths and better distribution of cracks upon diagonal cracking.
Next, the bent proportions and reinforcement ratio are discussed with regard to its

anticipated serviceability performance.
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C.2.2.5 Serviceability Behavior for Region with a/d = 0.85

C23

By comparing the amount of shear due to service loads to the cracking
strength of concrete, it is possible to estimate the likelihood that the structure will
crack under service loads. This topic is discussed in further detail by Birrcher
(2008). The shear due to service loads for the portion of the bent with an a/d ratio
of 0.85 is as follows:

V., = 1072 kip

According to Birrcher (2008), for an a/d ratio of 0.85, the shear at which

the first diagonal crack will form can conservatively be taken as the following:
V. =54/f." b, d =55000(45in)(69.5in) = = 1106 kip
As a result, the first diagonal cracking load of this portion of the bent is

very close to the expected service loading.

Shear Region with an a/d Ratio Equal to 2.05
Next, the nominal capacity determined by the provisions is investigated
for the deep beam portion of the bent with an a/d ratio equal to 2.05. A close-up
of the critical strut proportions and respective nodal zones is presented to scale in
Figure C-8. Note, the vertical reactions are slightly different from one another due

to the inclined tie at Node K.

249



924 kip

NODE E
(CCT)

5 -3.75”

NODE K
(CCT)

.\. .
\.\?108 kip

~.

_______ e 277/

28" —] /
T
Lt r

856 kip

per global
STM

Figure C-8. Critical strut in region with a/d = 2.05.

The length of Nodes E and K are proportioned based on the amount of
force that is transferred to the near support. As a result, the angle of inclination of
the strut is slightly changed from the global model shown in Figure C-3.
However, forces from the global model are not updated to account for the slight
change in strut angle. This method is consistent with standard design practice.

Nodes E and K are classified as CCT nodes because of the presence of a
tie. Tensile stresses in the tie must be developed in the nodal region to some
degree. However, the stress condition at the back face of Nodes E and K is much
more complicated because of the compressive force that is applied from an
additional strut framing into each node. These compressive stresses are not
attributed to the bonding stress of an anchored tie; therefore, they must be applied
to the back face and the nodes must be designed accordingly. As a result, the

allowable capacity of Nodes E and K are verified as follows.
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In order to design this portion of the structure, the allowable capacity of
each nodal face (i.e. bearing face, back face, and strut-to-node interface) must be
greater than the applied force. This procedure is presented for the proposed
method, ACI 318-08 and the AASHTO LRFD (2008) provisions in Sections
C.2.3.1 through C.2.3.3.

C.2.3.1 Design of Region with a/d Ratio Equal to 2.05: Proposed Method
Refer to Chapter 6 for a detailed summary of the proposed STM
methodology.

Node E (CCT Node)

Triaxial Confinement Factor: me W5in) /5042
(221;7)2

BEARING FACE
Factored Load: 924 kip
Efficiency: v =20.70
Concrete Capacity: Lo =mvf.” = (2)(0.7)(5 ksi) = 7.0 ksi
QF, = (0.7)(7.0 ksi)(13.7 in.)(22 in.)
= 1477 kip > 924 kip OK

STRUT-TO-NODE INTERFACE

Factored Load: 2108 kip

i . _Sksi _
Efficiency: 0.65 < (0.85 7 ksi) <045 =060
Concrete Capacity: Lo = mvf.” = (2)(0.60)(5 ksi) = 6.0 ksi

OF, = (0.7)(6.0 ksi)(16.8 in.)(22 in.)
= 1552 kip < 2108 kip NG!

BACK FACE
Factored Load: 947 kip
Efficiency: v =20.70
Concrete Capacity: Lo =mvf.” = (2)(0.70)(5 ksi) = 6.0 ksi

@F, = (0.7)(6.0 ksi)(11.5 in.)(22 in.)
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= 1063 kip > 1895 kip OK

Node K (CCT Node)
Triaxial Confinement Factor: m=1.0
BEARING FACE
Factored Load: 857 kip
Efficiency: v =20.70

Concrete Capacity:

STRUT-TO-NODE INTERFACE

Factored Load:
Efficiency:

Concrete Capacity:

BAcK FACE
Factored Load:
Efficiency:

Concrete Capacity:

Tie EF
Factored Load:
Efficiency:
Tie Capacity:

£ =mvE” = (1)(0.70)(5 ksi) = 3.5 ksi
OF, = (0.7)(3.5 ksi)(28 in.)(45 in.)
= 3087 kip > 857 kip OK

2108 kip

0.65 < (0.85 _ Sksi ) <045 =0.60

20ksi

£ =mvE” = (1)(0.6)(5 ksi) = 3.0 ksi

OF, = (0.7)(3.0 ksi)(28.6 in.)(45 in.)
= 2703 kip > 2108 OK

948 kip
v =0.70
£ =mvE” = (1)(0.70)(5 ksi) = 3.5 ksi
OF, = (0.7)(3.5 ksi)(17 in.)(45 in.)

= 1874 kip > 948 kip OK

F, =948 kip
v=1.0
(1.0)(60ksi)(14)(1.56 in®) = 1310 kip
QF, = (0.9)(1310 kip)
= 1179 kip > 948 kip OK
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Thus, according to the proposed procedure the Node E strut-to-node
interface governs the capacity. Because the proposed method accounts for triaxial
confinement of the nodal regions, the capacity of the truss model can be increased
by increasing the width of the bent. Often times, due to clearance restrictions, it is
desirable to gain capacity by increasing a beam’s width rather than its depth. ACI
318-08 and AASHTO LRFD (2008) do not account for the increase in capacity
gained from increasing the width of the web.

The strut-to-node interface of Node E is the most critical location. If a
maximum size bearing plate is used (30”x30”), then the depth of the bent must be
increased by 6-inches and the width would have to be increased by 6-inches in
order for Node E to have an adequate capacity. The strut proportions and forces
associated with a 6-inch increase in the depth of the bent are illustrated in Figure
C-9. Notice that an increase in the depth of the truss decreases the force in the

inclined strut.
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Figure C-9. Strut proportions and forces associated with a 6-inch increase in

depth of bent.

NODE E STRUT-TO-NODE INTERFACE, PER FIGURE C-9

Factored Load: 1954 kip
. \2
Confinement Factor: m= (5 lm) Cw =17
(30m)
ici . _ Sksi —
Efficiency: 0.65 < (0.85 50 ksi) <045 =060
Concrete Capacity: fon =mvf.” = (1.7)(0.60)(5 ksi) = 5.1 ksi

¢F, = (0.7)(5.1 ksi)(19.6 in.)(30 in.)
= 2099 kip > 1954 kip OK
Thus, the capacity of strut illustrated in Figure C-9 meets the requirements

of the proposed method.
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Minimum Transverse Reinforcement
Based on the recommendations from Birrcher (2008), the following
minimum amount of transverse reinforcement is required to ensure adequate

serviceability behavior (Section 6.6).

A, ,=0003-b, s, 2(044 in’) = 0.003(51in)s,
s; = 5.75in

A,=0003-b, s, 2(0.60 in’) = 0.003(51in)s,
s, =7.8in

Provide #6 vertical stirrups at 5.5-inches and #7 horizontal bars at 7.5-
inches on center. Distribute the horizontal reinforcement in the area defined in
Figure 6-24.

A summary of the preceding design is presented in Section C.2.3.4 along
with the other provisions. Next, Strut EK and respective nodal regions are

designed according to ACI 318-08.

C.2.3.2 Design of Region with a/d Ratio Equal to 2.05: ACI 318-08
Refer to Figure C-8 for preliminary forces, strut, and nodal dimensions.
By inspection, Node E is the most critical nodal zone. Therefore, the design of
Strut EK is based on the design of Node E. Recall, that the ACI 318-08 load
factors are less than those presented in Figure C-8. Therefore, all of the load

values are multiplied by a factor of 0.945 (i.e. P, so//P, assuro = 1398/1480 =

0.945).
Node E (CCT Node)
BEARING FACE
Factored Load: F,=873kip
Efficiency: B =080
Concrete Capacity: fow = 0.850f." = (0.85)(0.8)(5 ksi) = 3.4 ksi

OF, = (0.75)(34 ksi)(13.7 in.)(22 in.)
= 769 kip < 739 kip NG!
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BACK FACE

Factored Load: F, =895 kip + 896 kip = 1791 kip
Efficiency: B =0.80
Concrete Capacity: fow = 0.850f." = (0.85)(0.8)(5 ksi) = 3.4 ksi

OF, = (0.75)(3.4 ksi)(11.5 in.)(22 in.)
= 645 kip < 1791 kip NG!

STRUT-TO-NODE INTERFACE

Factored Load: F,=1992 kip
Efficiency: B=0.75
Concrete Capacity: fow =0.850f.” =(0.85)(0.75)(5 ksi) = 3.2 ksi

QF, = (0.75)(3.2 ksi)(16.8 in.)(22 in.)
= 887 kip < 1992 kip NG!
According to ACI 318-08, the back face of Node E is the most critical
location. In order to properly design this region, the bent is proportioned such that
the back face of Node E has adequate capacity. In addition to providing the
maximum 30-inch bearing plate, the depth of the bent must be increased by 25-
inches and the depth of the back face of Node E must be increased by 6-inches.
Strut proportions and forces associated with these changes are illustrated in Figure

C-10.
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Figure C-10. Strut proportions and forces associated with a 25-inch increase

in bent height and 6-inch increase in depth of Node E (ACI 318 factored
loads)

BAcK FACE oF NODE E: PER FIGURE C-10

Factored Load: F,=739 kip + 592 kip = 1331 kip
Efficiency: B =080
Concrete Capacity: fow = 0.850f." = (0.85)(0.8)(5 ksi) = 3.4 ksi

PF, = (0.75)(3.4 ksi)(17.5 in.)(30 in.)
= 1339 kip > 1331 kip OK

Thus, the capacity of the bent illustrated in Figure C-10 meets the

requirements of ACI 318-08.
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Minimum Transverse Reinforcement
ACI 318-08 does not stipulate a minimum amount of transverse
reinforcement. However, in order to use the higher strut efficiency factor, the

following minimum amount of reinforcement must be provided:

> bAXi sina, >0.003

K ’ si
If it is assumed that the vertical and horizontal reinforcement ratios are
identical,

p-sin38°+ p-sin52°>0.003

Thus,

pv = pvr > 0.0021

Provide #5 vertical stirrups at 6-inches and #6 horizontal bars at 8.5-inches
on center.

A summary of the preceding ACI 318-08 results is presented in Section
C.2.34 along with the other provisions. Next, Strut EK and respective nodal
regions are designed according to AASHTO LRFD.

C.2.3.3 Design of Region with a/d Ratio Equal to 2.05: AASHTO LRFD

Refer to Figure C-8 for preliminary forces, strut and nodal proportions. By
inspection, Node E is the most critical nodal zone. Therefore, design of Strut EK

is based on the design of Node E.

Node E (CCT Node)
BEARING FACE

Factored Load: F,= 924 kip

Efficiency: v=0.75

Concrete Capacity: Lo =V =(0.75)(5 ksi) = 3.8 ksi

¢F,=(0.7)(3.8 ksi)(13.7 in.)((22 in.)
= 802 kip < 924 kip NG!

BACK FACE
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Factored Load: F, =947 kip + 948 kip = 1895 kip

Efficiency: v=0.75

Concrete Capacity: Lo =V =(0.75)(5 ksi) = 3.8 ksi

QF, = (0.7)(3.8 ksi)(11.5 in.)(22 in.)
=673 kip < 1895 kip NG!

STRUT-TO-NODE INTERFACE

Factored Load: F,= 2108 kip
Solve set of four equations simultaneously:

1

Concrete Efficiency: v=———<085 = 0.39
0.8-170-¢

Tensile Strain Term: g =¢,+(g,+0.002)cot’29.5° = 0.0103

Tie Tensile Strain: g = Lu C0829.5 =0.0010

(21.8in%)- (29.000ksi)

Strength of Nodal Face: F,=v(5ksi)(16.3 in.)(22 in.) = 705 kip
QF, = (0.7)(705 kip)
=722 kip < 2108 kip NG!

The strut-to-node interface at Node E is the most critical location.
Therefore, the size of the bent is increased in order to provide Node E with
adequate capacity. As a preliminary check, evaluate whether or not the bent
dimensions required per ACI 318-08 (Figure C-10) meet the requirements of
AASHTO LRFD (2008). Recall, the loads illustrated in Figure C-10 are ACI 318-
08 factored loads. AASHTO LRFD (2008) load factors are slightly higher, so the
loads are multiplied by a factor of 1.059 (i.e. P, sxspro/Pu aci = 1480/1398 =
1.059).

NODE E STRUT-TO-NODE INTERFACE, PER FIGURE C-10

Factored Load: F,= 1683 kip
Solve set of four equations simultaneously:
Concrete Efficiency: V= - <085 = 046
0.8-170-¢
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Tensile Strain Term: g =&, + (g, +0.002)cot* 37.5° = 0.0080

F, -c0s37.5°

= =0.0017
“ (28.1in%)- (29,000ksi)

Tie Tensile Strain:

Strength of Nodal Face: F,=v(5 ksi)(254 in.)(30 in.) = 1761 kip
QF, =(0.7)(1761 kip)
= 1233 kip < 1683 kip NG!
In order for the bent to meet the requirements of AASHTO LRFD, the
bent depth must be increased by 35-inches and the depth of Node E must be
increased by 10.5-inches. Strut proportions associated with this increase and

applied loads are illustrated in Figure C-11.
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per global
STM

Figure C-11. Strut proportions and forces associated with a 35-inch increase
in bent depth and 10.5-inch increase in depth of Node E (AASHTO LRFD

factored loads).

NODE E STRUT-TO-NODE INTERFACE, PER FIGURE C-11

Factored Load: 1592 kip
Solve set of four equations simultaneously:
Concrete Efficiency: V= m <0.85 = 0.53
Tensile Strain Term: g =¢,+(g,+0.002)cot’40.0° = 0.0064
F,-c0s40.0°

Tie Tensile Strain: =0.0015

£ =
" (40.6in*)-(29,000ksi)
Strength of Nodal Face: F,=v(5 ksi)(28.9 in.)(30 in.) = 2287 kip
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QF, = (0.7)(2287 kip)
= 1601 kip > 1592 kip OK

Thus, the capacity of the bent illustrated in Figure C-11 meets the
requirements of AASHTO LRFD (2007).

Minimum Transverse Reinforcement

AASHTO LRFD requires a vertical and horizontal reinforcement ratio of
0.3% of the gross area for the purpose of controlling cracking. So, based on this
requirement, provide #6 vertical stirrups at 6.5-inches and twenty #8 horizontal
bars distributed evenly across the height of the section (resulting in a spacing of 7-
inches).

A summary of the preceding AASHTO LRFD results is presented along

with the other provisions in the following section.

C.2.34 Comparison of Design Provisions for Shear Region with a/d = 2.05
A comparison between the results obtained from the three design
methodologies (i.e. proposed method, ACI 318-08, and AASHTO LRFD) for the
portion of the bent with an a/d ratio equal to 2.05 (Figure C-2, Cross-Section B) is

presented in Figure C-12.
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Figure C-12. Comparison of required cross-section per the proposed method, ACI 318-08, and AASHTO LRFD
(2007): a/d ratio = 2.05.



Based on a comparison of the three provisions, the following observations
can be made.

The proposed method results in a much higher capacity than the ACI 318-
08 and AASHTO LRFD (2008) provisions. As a result, the cross-section required
by the proposed procedure is significantly smaller. One reason for the difference
can be attributed to the fact that the proposed procedure considers the increase in
concrete compressive strength provided by triaxial confinement of the bearing
plate. Neither the ACI 318-08 nor the AASHTO LRFD (2008) provisions
consider the beneficial effects of triaxial confinement. In addition, according to
the AASHTO LRFD (2008) provisions, the efficiency of the node-to-strut
interface is decreased as the shear span-to-depth ratio increases. It follows that
excessively conservative results can be expected when using AASHTO LRFD
(2008) for D-regions with an a/d ratio in the range of two.

Despite the differences in the results of the three methods, they are similar
in the fact that the results suggest that the dimensions of the original cross-section
are inadequate to resist the application of the factored loads. However, this
portion of the bent has an a/d ratio slightly greater than 2.0. Therefore, the
capacity of this region may be determined according to sectional shear provisions.
The sectional shear strength of this region is determined according to ACI 318-08
and AASHTO LRFD (2008). A discussion on the implications of using a
sectional analysis rather than a deep beam analysis is presented in Section C.3.

In addition to the sectional shear strength, it is also of interest to examine
the ratio of service load to cracking strength applied to this portion of the bent.
The service loading is compared with the cracking strength of concrete in the

following section.

C.2.3.5 Serviceability Behavior for Region with a/d = 2.05
By comparing the amount of service shear to the cracking strength of

concrete, it is possible to estimate the likelihood that the structure will crack while
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C3

in service. The shear force due to service loads for the portion of the bent with an
a/d ratio of 2.05 is as follows:
V.., = (856 kip)(1072kip/1480kip) =620 kip
According to Birrcher (2008), for an a/d ratio of 2.05, the shear at which
the first diagonal crack will form can conservatively be taken to be the following:
V,, =2+[f."- b, - d = 24/5000(45in)(63in) =401 kip
Thus, the cracking capacity of this portion of the structure is less than the
service level loading. As a result, it is expected that diagonal cracking will result
for this structure. Diagonal cracks are expected to form under the application of
65% of the service-level loading (i.e. 401/620 = 0.65). In order to prevent
cracking from occurring under the application of service loads, bent dimensions

much be increased such that V,, > V. If bent dimensions are increased while

keeping the aspect ratio of the cross-section as similar, then the size of the bent
must be increased to 56”x78” in order to comfortably reduce the likelihood of

cracking under service loads:

V, =2./f."-b, - d = 2+/5000 (56in)(78in) =618 kip

SECTIONAL SHEAR DESIGN

The purpose of calculating the sectional shear capacity for the portion of
the beam with an a/d ratio of 2.05 (Figure C-2, Section A) is to compare the
results to those determined from a strut-and-tie model. The discontinuity in the
shear capacity determined by either deep beam or sectional shear provisions is a
topic of interest to the current project.

The ACI 318-08 and AASHTO LRFD (2008) provisions require that a
designer use deep beam provisions for structures with a shear span-to-depth ratio
less than or equal to two. For structures whose a/d ratio is near two, it is logical to
expect that the capacity determined from a strut-and-tie model to be similar to that
determined from a sectional model. In other words, the calculated capacity of a

member should not significantly vary for an a/d ratio of 2.1 or 1.9. However, the
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C3.1

C3.1.1

difference in the allowable shear capacity according to sectional shear or a STM
is often quite drastic.

The purpose of determining the sectional shear capacity of Section A
(Figure C-2) is to quantify the difference between the ACI 318-08 and AASHTO
LRFD (2008) sectional shear provisions and the deep beam provisions previously
presented. Additional discussion regarding the discontinuity between deep beam

and sectional shear provisions is presented by Birrcher (2008).

Shear Region with a/d Ratio Equal to 2.05
Refer to Figure C-3 for the critical shear force in Section A. The
AASHTO LRFD (2008) factored shear is 856-kip; the ACI 318-08 factored shear
is 809-kip. The ACI 318-08 and AASHTO LRFD (2008) reduction factors for
sectional shear are 0.75 and 0.9, respectively. The nominal shear capacity
according to ACI 318-08 and AASHTO LRFD (2008) is presented in Sections
C3.1.1and C.3.1.2.

ACI 318-08 §11.1, Shear Strength
Factored Load: V, =809 kip
Sectional Capacity: V,=V.+V,
Where,
V.=2/f." b, -d =2+/5000psi-(45in)- (63in) = 401 kip
v AL % _ 4-(O.44in2)-(60ksi)-(63iny55in _ 1210 kip
@V, =(0.75) (1611 kip) = 1208 kip > 809 kip OK

According to ACI 318-08, the strength of the bent is adequate. However,
recall that according to the STM design presented in Section C.2.3.2, the depth of
the bent had to be considerably increased in order to meet the requirements of
ACI 318-08. The degree of discontinuity between sectional shear and STM
provisions is discussed in Section C.3.2. Next, the sectional shear capacity

according to the AASHTO LRFD (2008) provisions is presented as follows.
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C3.12 AASHTO LRFD§5.8.3, Sectional Design Model
Factored Load: V, = 856 kip
Sectional Capacity: V,=V.+V,
Where,

V. =0.0316B4/f.b.d,

Avf*dv
Vi= " 5 tano

and,

p = factor indicating the ability of diagonally cracked concrete to

transmit tension and shear.

According to AASHTO LRFD (2008), the factor, 3, can conservatively be
taken as two provided the depth of the member is less than 16-inches. For
members with a greater depth, the factor is determined based on the longitudinal
strain, shear stress, spacing and inclination of cracking across the web. For non-
prestressed beams, sufficiently reinforced, the factor, 5, may be determined
according to Equation C-1:

4.8

b= 15 750e)

Equation C-1

And the angle of inclination of the cracking, 0, is determined according to
Equation C-2:

0 =29 + 3500¢; Equation C-2

Where the longitudinal strain, ¢, in the web is determined according to

Equation C-3.

M,
7 + OSNM + 05|VM|COt0

g = AEA) Equation C-3
Where,

M, = Factored moment at critical section, kip-in.

V,= Factored shear at critical section, kip
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N,= Factor axial force at critical section, kip

0 =  Angle of inclination of diagonal cracking, radian

d,= distance between longitudinal top and bottom reinforcement, in.
E .= Modulus of elasticity of steel reinforcement

A,= Area of flexural tension reinforcement, in®

Based on a linear analysis of the multiple-column bent, the factored
moment at the critical section is 51,750-kip-inches and the factored shear force is
856-kip. The longitudinal strain and angle of inclination terms are simultaneously

calculated as follows:

|'51’755(7)’f"1""”‘| +0.5(0kip) + 0.5856kip|cot 32.4°
mn

g = _ — = 0.00097
2(29,000ksz-28.11n )

0 =29 + 3500 (0.00097) =324°
Thus,

438
- =278
P (1+750-0.00097)

Therefore, the nominal shear capacity can be calculated as follows:

V. =0.0316-2.7+/5ksi - (45in.)(57in.) =489 kip
4(0.44in*)- (60ksi) - (57in) _ ,
Vi (5.5in)tan 32 4° = 1724 kip

PV, = (0.90)(2214 kip)= 1992 kip > 856 kip OK

According to AASHTO LRFD (2008), the strength of the bent is adequate.
Yet, recall that according to the STM design presented in Section C.2.3.3, the
depth of the bent had to be considerably increased in order to meet the
requirements of AASHTO LRFD (2008). The discontinuity between sectional

shear and deep beam provisions is discussed in the following section.
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C3.2

Comparison of Deep Beam and Sectional Shear Provisions
The capacity of the bent at Section A (Figure C-2) has been determined
according to the proposed, ACI 318-08, and AASHTO LRFD (2008) STM
provisions; and the ACI 318-08 and AASHTO LRFD (2008) section-based
provisions. A comparison between the results of these analyses is presented in
Table C.1.
Table C.1. Shear Capacity of Original Cross-Section A (a/d = 2.05)

Capacity / Factored Load
Design ¢V, Sectional
Procedure STM, ¢V, Sectional, -V, oV, STM
Vu VM
Proposed Method 0.74 1427 1.92
ACI 318 0.36 1.42 3.94
AASHTO LRFD 0.34 2.33 6.85

¥ ACI 318-08 sectional shear capacity (Section C.3.1.1)

The information presented in Table C.1 illustrates the relative
discontinuity in nominal capacity as determined by sectional shear and deep beam
provisions. This phenomenon is especially apparent for a structure with an a/d
ratio equal to 2.05. As an example, according to the AASHTO LRFD (2008)
sectional shear provisions, the capacity of the structure under investigation is
estimated to be over five times greater than the capacity as determined per the
deep beam provisions. The implication of such a discrepancy is that a bent over
nine feet deep is required per AASHTO LRFD (2008) for an a/d ratio of 1.9
(Figure C-12), yet a 6.5-foot deep bent is sufficient if the a/d ratio is slightly
greater than two.

The proposed strut-and-tie modeling procedure addresses this
discontinuity to some degree. Granted, the estimated capacity of Section A
according to sectional shear provisions is almost two times greater than that

estimated using the new methodology. However, this discrepancy is significantly
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less than that which results from using the ACI 318-08 or AASHTO LRFD
(2008) provisions.
SUMMARY

The purpose of this example is to illustrate the benefits of the proposed
strut-and-tie modeling provisions in comparison to the ACI 318-08 and AASHTO
LRFD (2008) provisions. A deep beam region with an a/d ratio of 0.85 and 2.05
was designed using all three provisions. Based on a comparison of these design
methods, it can be concluded that the capacity of a deep beam region, as
determined by the proposed procedure, results in less unnecessary conservatism
compared to the ACI 318-08 and AASHTO LRFD (2008) provisions. The reason
that the proposed method has less unnecessary conservatism is that the procedure
considers the beneficial effects of triaxial confinement, and disregards the bond
stresses at the back face of a CCT node.

Additionally, as illustrated in Section C.3.2, the proposed STM provisions
resulted in a smaller discrepancy between the deep beam and sectional shear
designs for an a/d ratio near two. Thus, designers can expect consistent results
when using the proposed STM provisions for the design of a beam with an a/d
ratio close to two.

Finally, as presented in Section C.2.3.5, it is likely that the bent will
experience diagonal cracking under the application of 64% of the service level
loading. As illustrated in Figure C-1, cracks as wide as 0.035-inches formed in
this portion of the structure. The reason that the section is at risk of cracking
under service loads is because the sectional shear resistance provided by the
concrete cross-section (V,) is much less than the resistance provided by the
transverse reinforcement (V,). The transverse reinforcement does not provide any
resistance until after the concrete cracks. Thus, a disproportionately high ratio of
V. to V, results in a low cracking capacity. This configuration may result in

substantial cracking under the application of service loads. Birrcher (2008)
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provides additional discussion regarding the serviceability behavior of a shear

region.
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E.1

APPENDIX E

Evaluation Database

OVERVIEW

For the convenience of the reader, a summary of the details for all 36 tests

of the experimental program is presented in Table E.1. The following
nomenclature is used to describe the details of the beams in the Evaluation
Database.

beam width, in.

h=  beam height, in.
= distance form extreme compression fiber to centroid of tensile

reinforcement, in.

f.’= compressive strength of concrete at the time of testing, psi.
Note: if the compressive strength was measured based on the test of a
standard 100 or 150-mm cube, then it was converted to the equivalent 6-
inch cylinder strength according to fib (1999).

fyy= yield strength of tensile reinforcement measured in accordance with
ASTM A370, ksi.

fyv = yield strength of transverse reinforcement measured in accordance with
ASTM A370, ksi.

p1= ratio of longitudinal tensile reinforcement to effective area, A% d

. c 4 . . . A’
pi’ = ratio of longitudinal compression reinforcement to effective area, % d
py = ratio of vertical transverse reinforcement to effective area, A%. P
1
pn = ratio of horizontal transverse reinforcement to effective area, A%. P
2
s = spacing of vertical ties, in.
Load Plate = dimensions of the load bearing plate measured in the
longitudinal and transverse direction (/ x w), in.
Support Plate = dimensions of the support bearing plate measured in the
longitudinal and transverse direction (/ x w), in.
a/d ratio = shear span-to-depth ratio
Viest = maximum shear carried in test region, including the estimated self

weight of the specimen and transfer girders, kip
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Table E.1. Evaluation Database (1 of 8)

Load Support

b | h | d o | fa | £ , s Plate Plate | a/d | Vi

Beam L.D. in. | in. | in | psi | ksi | ksi | ™ P Py Pn in. Ix w Ixw | ratio| kip
mn. mn.

Current Study (2008)
M-03-4-CCC2436 | 36 | 48 | 40 | 4100 | 67 | 61 | 0.0043 | 0.0293 | 0.0031 | 0.0030 | 11 24x36 16x36 | 1.85 | 1128.3
M-09-4-CCC2436 | 36 | 48 | 40 | 4100 | 67 | 61 | 0.0043 | 0.0293 | 0.0086 | 0.0030 | 4 24x36 16x36 | 1.85 | 1426.0
M-02-4-CCC2436 | 36 | 48 | 40 | 2800 | 65 | 63 | 0.0043 | 0.0293 | 0.0022 | 0.0022 | 10 24x36 16x36 | 1.85 | 1102.0
M-03-4-CCCO0812 | 36 | 48 | 40 | 3000 | 65 | 63 | 0.0043 | 0.0293 | 0.0031 | 0.0030 | 11 8x12 16x36 | 1.85 | 930.0
1-03-2 21 | 44 385 | 5240 | 73 | 67 | 0.0116 | 0.0229 | 0.0029 | 0.0033 | 6.5 | 20x21 16x21 | 1.84 | 569.2
1-03-4 21 | 44 385 | 5330 | 73 | 73 | 0.0116 | 0.0229 | 0.0030 | 0.0033 | 7 20x21 16x21 | 1.84 | 657.4
1-02-2 21 | 44 385 | 3950 | 73 | 67 | 0.0116 | 0.0229 | 0.0020 | 0.0020 | 9.5 | 20x21 16x21 | 1.84 | 453.7
1-02-4 21 | 44 | 385 | 4160 | 73 | 73 | 0.0116 | 0.0229 | 0.0021 | 0.0020 | 10 20x21 16x21 | 1.84 | 528.1
11-03-CCC2021 21 | 42 386 | 3290 | 64 | 65 | 0.0115 | 0.0231 | 0.0031 | 0.0045 | 9.5 | 20x21 10x21 | 1.84 | 4995
11-03-CCC1007 21 | 42 | 386 | 3480 | 64 | 65 | 0.0115 | 0.0231 | 0.0031 | 0.0045 | 9.5 10x7 10x21 | 1.84 | 477.4
11-03-CCT1021 21 | 42 | 386 | 4410 | 66 | 71 | 0.0115 | 0.0231 | 0.0031 | 0.0045 | 9.5 36x21 10x21 | 1.84 | 635.4
11-03-CCT0507 21 | 42 386 | 4210 | 66 | 71 | 0.0115 | 0.0231 | 0.0031 | 0.0045 | 9.5 36x21 5x7 | 1.84 | 5974
11-02-CCT0507 21 | 42 386 | 3120 | 69 | 64 | 0.0115 | 0.0231 | 0.0020 | 0.0019 | 15 36x21 5x7 | 1.84 | 4014
11-02-CCC1007 21 | 42 | 38.6 | 3140 | 69 | 64 | 0.0115 | 0.0231 | 0.0020 | 0.0019 | 15 10x7 10x21 | 1.84 | 334.8
11-02-CCC1021 21 | 42 386 | 4620 | 69 | 67 | 0.0115 | 0.0231 | 0.0020 | 0.0019 | 15 10x21 10x21 | 1.84 | 329.0
11-02-CCT0521 21 | 42 386 | 4740 | 69 | 67 | 0.0115 | 0.0231 | 0.0020 | 0.0019 | 15 20x21 5x21 | 1.84 | 567.4
111-1.85-02 21 | 42 386 | 4100 | 66 | 64 | 0.0115 | 0.0231 | 0.0020 | 0.0019 | 14.5 | 20x21 16x21 | 1.84 | 487.8
111-1.85-025 21 | 42 386 | 4100 | 66 | 64 | 0.0115 | 0.0231 | 0.0024 | 0.0014 | 12 20x21 16x21 | 1.84 | 515.6
111-1.85-03 21 | 42 386 | 4990 | 69 | 64 | 0.0115 | 0.0231 | 0.0029 | 0.0029 | 10 20x21 16x21 | 1.84 | 4123
111-1.85-01 21 | 42 386 | 5010 | 69 | 63 | 0.0115 | 0.0231 | 0.0010 | 0.0014 | 18 20x21 16x21 | 1.84 | 272.6
111-1.85-03b 21 | 42 386 | 3300 | 69 | 62 | 0.0115 | 0.0231 | 0.0031 | 0.0029 | 6 20x21 16x21 | 1.84 | 471.1
111-1.85-02b 21 | 42 386 | 3300 | 69 | 62 | 0.0115 | 0.0231 | 0.0020 | 0.0018 | 9.5 | 20x21 16x21 | 1.84 | 467.6
111-1.2-02 21 | 42 386 | 4100 | 66 | 60 | 0.0115 | 0.0231 | 0.0020 | 0.0018 | 9.5 | 20x21 16x21 | 1.84 | 846.5
111-1.2-03 21 | 42 386 | 4220 | 66 | 68 | 0.0115 | 0.0231 | 0.0031 | 0.0029 | 9.5 | 20x21 16x21 | 1.84 | 8292
111-2.5-02 21 | 42 386 | 4630 | 66 | 62 | 0.0115 | 0.0231 | 0.0020 | 0.0018 | 9.5 | 20x21 16x21 | 1.84 | 2983
111-2.5-03 21 | 42 1386 | 5030 | 66 | 65 | 0.0115 | 0.0231 | 0.0031 | 0.0029 | 9.5 | 20x21 16x21 | 1.84 | 516.0
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Table E.1. Evaluation Database (2 of 8)

Load Support

b h d f', f, foy , s Plate Plate a/d Vtest

Beam L.D. in. | in | in | psi | ksi | kei | M P Py Pn in. Ixw Ixw | ratio | kip
in. in.

Current Study (2008), continued...
IV-2175-1.85-02 | 21 74.5 | 68.9 | 4930 | 68 66 | 0.0129 | 0.0237 | 0.0020 | 0.0018 | 9.5 29x21 16x21 1.85 | 762.7
IV-2175-1.85-03 | 21 74.5 | 68.9 | 4930 | 68 66 | 0.0129 | 0.0237 | 0.0031 | 0.0029 | 9.5 29x21 16x21 1.85 | 8424
1V-2175-2.5-02 21 74.5 | 68.9 | 5010 | 68 64 | 0.0129 | 0.0237 | 0.0021 | 0.0021 | 14.3 24x21 16x21 2.50 | 509.9
1V-2175-1.2-02 21 74.5 | 68.9 | 5010 | 68 64 | 0.0129 | 0.0237 | 0.0021 | 0.0021 | 14.3 24x21 16x21 1.2 1222.8
IV-2123-1.85-03 | 21 | 22.5 | 19.5 | 4160 | 66 66 | 0.0232 | 0.0232 | 0.0030 | 0.0030 | 6.3 16.5x21 16x21 1.85 | 328.5
IV-2123-1.85-02 | 21 | 22.5 | 19.5 | 4220 | 66 81 | 0.0232 | 0.0232 | 0.0020 | 0.0017 | 5.3 16.5x21 16x21 1.85 | 347.0
1V-2123-2.5-02 21 | 225 | 19.5 | 4570 | 65 58 | 0.0232 | 0.0232 | 0.0020 | 0.0017 | 5.3 15.5x21 16x21 2.50 160.7
1V-2123-1.2-02 21 | 22.5 | 19.5 | 4630 | 65 58 | 0.0232 | 0.0232 | 0.0020 | 0.0017 | 5.3 18x21 16x21 1.20 | 591.6
Rogowsky, MacGregor, and Ong (1986)
1/1.0N 7.9 | 39.4 | 374 | 3785 | 55 83 | 0.0000 | 0.0094 | 0.0015 | 0.0000 | 7.4 11.8x7.9 | 7.9x7.9 | 1.05 136.3
2/1.0N 7.9 | 39.4 | 37.4 | 3887 | 55 83 | 0.0003 | 0.0094 | 0.0015 | 0.0006 | 7.4 11.8x7.9 | 7.9x7.9 | 1.05 169.6
2/1.5N 7.9 | 23.6 | 21.1 | 6150 | 66 83 | 0.0005 | 0.0112 | 0.0019 | 0.0011 5.9 11.8x7.9 | 7.9x79 | 1.87 78.8
2/2.0N 7.9 | 19.7 | 17.9 | 6266 | 66 83 | 0.0006 | 0.0088 | 0.0014 | 0.0012 | 7.9 7.9x7.9 7.9x7.9 | 2.20 46.3
Brown, Sankovich, Bayrak, Jirsa, Breen, and Wood (2006)
I-CL-8.5-0 6 30 27 | 2584 | 68 73 | 0.0195 | 0.0014 | 0.0043 | 0.0000 | 8.5 6x6 6x6 1.11 79.9
1-2C-8.5-0 6 30 27 3208 | 68 73 | 0.0195 | 0.0014 | 0.0043 | 0.0000 | 8.5 12x6 6x6 1.67 121.6
II-N-F-5.8-3 18 18 16 | 2880 | 68 73 | 0.0219 | 0.0008 | 0.0041 | 0.0000 3 10x18 6x18 1.69 180.8
Moody, Viest, Elstner, and Hognestad (1954)
II1-30 7 24 21 3680 | 44 47 1 0.0425 | 0.0213 | 0.0052 | 0.0000 6 8x7 8x7 1.52 108.1
I1-31 7 24 21 3250 | 44 44 | 0.0425 | 0.0213 | 0.0095 | 0.0000 6 8x7 8x7 1.52 114.6
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Table E.1. Evaluation Database (3 of 8)

Load Support

b h d o | £, | f, , s Plate Plate | a/d | Vi

Beam L.D. in. | in | in. | psi |ksi| ksi P P Py Pn in. Ix w Ixw | ratio| kip
mn. mn.

Oh and Shin (2001)
N42A2 51 | 221 | 197 | 3440 | 60 | 60 | 0.0156 | 0.0022 | 0.0012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 0.85 | 64.1
N42B2 51 | 221 [ 197 | 3440 [ 60 | 60 | 0.0156 | 0.0022 | 00022 | 00043 | 8.7 | 7.1x5.1 | 5.1x5.1 | 0.85 | 84.9
N42C2 51 | 221 [ 197 | 3440 [ 60 | 60 | 0.0156 | 0.0022 | 0.0034 | 00043 | 5.7 | 7.1x5.1 | 5.1x5.1 | 0.85 | 80.6
HA1A2(1) 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 0.50 | 160.3
H41B2 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00022 | 00043 | 87 | 7.1x5.1 | 5.1x5.1 | 0.50 | 158.7
H41C2 51 | 221 [ 197 [ 7121 |60 | 60 | 0.0156 | 0.0022 | 0.0034 | 00043 | 5.7 | 7.1x5.1 | 5.1x5.1 | 0.50 | 159.3
H42A2(1) 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 0.85 | 109.9
H42B2(1) 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00022 | 00043 | 87 | 7.1x5.1 | 5.1x5.1 | 0.85 | 102.7
H42C2(1) 51 | 221 [ 197 [ 7121 |60 | 60 | 0.0156 | 00022 | 00034 | 00043 | 57 | 7.1x5.1 | 5.1x5.1 | 0.85 | 94.7
HA43A2(1) 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 1.25 | 78.2
H43B2 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00022 | 00043 | 87 | 7.1x5.1 | 5.1x5.1 | 1.25 | 85.8
H43C2 51 | 221 [ 197 | 7121 [ 60 | 60 | 0.0156 | 0.0022 | 0.0034 | 00043 | 5.7 | 7.1x5.1 | 5.1x5.1 | 1.25 | 90.6
H45A2 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 2.00 | 47.6
HA45B2 51 | 221 [ 197 | 7121 |60 | 60 | 0.0156 | 00022 | 00022 | 00043 | 87 | 7.1x5.1 | 5.1x5.1 | 2.00 | 53.6
H45C2 51 | 221 (197 | 7121 |60 | 60 | 0.0156 | 00022 | 00034 | 00043 | 5.7 | 7.1x5.1 | 5.1x5.1 | 2.00 | 53.1
N33A2 51 | 221 [ 197 | 3440 |60 | 60 | 0.0156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 1.25 | 51.5
N43A2 51 | 221 [ 197 | 3440 |60 | 60 | 0.0156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 1.25 | 57.5
N53A2 51 | 221 [ 197 | 3440 |60 | 60 | 0.0156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 125 | 46.9
H31A2 51 | 221 [ 197 [ 7121 |60 | 60 | 0.0156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 0.50 | 167.6
H32A2 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 0.85 | 119.1
H33A2 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 1.25 | 85.0
HS1A2 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 0.50 | 157.9
H52A2 51 | 221 [ 197 [ 7121 |60 | 60 | 00156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 0.85 | 127.8
HS53A2 51 | 2210197 [ 7121 |60 | 60 | 00156 | 00022 | 00012 | 00043 | 16 | 7.1x5.1 | 5.1x5.1 | 125 | 81.8
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Table E.1. Evaluation Database (4 of 8)

Load Support

b h d f'. f, fv , S Plate Plate a/d Viest

Beam LD | oo | i | psi | ksi | ksi| P P Py Pn in. Ixw Ixw | ratio | kip
in. in.

Foster and Gilbert (1998)
B1.2-3 49 | 472 | 442 | 11603 | 58 | 62 | 0.0134 | 0.0017 | 0.0067 | 0.0028 3 9.8x4.9 | 9.8x4.9 | 0.76 | 292.9
B2.0-1 49 | 27.6 | 24.6 | 12038 | 58 | 62 | 0.0241 | 0.0030 | 0.0067 | 0.0037 3 9.8x4.9 | 9.8x4.9 | 1.32 | 179.0
B2.0-2 49 | 27.6 | 24.6 | 17404 | 58 | 62 | 0.0241 | 0.0030 | 0.0067 | 0.0037 3 9.8x4.9 | 9.8x4.9 | 1.32 | 185.8
B2.0-3 49 | 27.6 | 24.6 | 11313 | 58 | 62 | 0.0241 | 0.0030 | 0.0067 | 0.0037 3 9.8x4.9 | 9.8x4.9 | 1.32 | 157.7
B2.0A-4 49 | 27.6 | 24.6 | 12473 | 58 | 62 | 0.0241 | 0.0030 | 0.0067 | 0.0037 3 39x4.9 | 9.8x4.9 | 0.88 | 213.9
B2.0C-6 49 | 27.6 | 24.6 | 13489 | 58 | 62 | 0.0241 | 0.0030 | 0.0100 | 0.0000 2 9.8x4.9 | 9.8x4.9 | 1.32 | 164.4
B2.0D-7 49 | 27.6 | 24.6 | 15084 | 58 | 62 | 0.0241 | 0.0030 | 0.0067 | 0.0000 3 9.8x4.9 | 9.8x4.9 | 1.32 | 162.2
B3.0-1 49 | 27.6 | 24.6 | 11603 | 58 | 62 | 0.0241 | 0.0030 | 0.0067 | 0.0037 3 9.8x4.9 | 9.8x4.9 | 1.88 | 115.2
B3.0-2 49 | 27.6 | 24.6 | 17404 | 58 | 62 | 0.0241 | 0.0030 | 0.0067 | 0.0037 3 9.8x4.9 | 9.8x4.9 | 1.88 | 118.5
B3.0-3 49 | 276 | 24.6 | 11168 | 58 | 62 | 0.0241 | 0.0030 | 0.0067 | 0.0037 3 9.8x4.9 | 9.8x4.9 | 1.88 | 118.5
B3.0A-4 49 | 276 | 24.6 | 12763 | 58 | 62 | 0.0241 | 0.0030 | 0.0067 | 0.0037 3 3.9x4.9 | 9.8x4.9 | 1.28 | 174.7
Clark (1951)
Al-1 8 18 153 | 3575 | 47 | 48 | 0.0310 | 0.0018 | 0.0038 | 0.0000 7.2 3.5x8 3.5x8 | 2.35 50.4
Al-2 8 18 153 | 3430 | 47 | 48 | 0.0310 | 0.0018 | 0.0038 | 0.0000 7.2 3.5x8 3.5x8 | 2.35 47.4
Al-3 8 18 153 | 3395 | 47 | 48 | 0.0310 | 0.0018 | 0.0038 | 0.0000 7.2 3.5x8 3.5x8 | 2.35 50.4
Al-4 8 18 153 | 3590 | 47 | 48 | 0.0310 | 0.0018 | 0.0038 | 0.0000 7.2 3.5x8 3.5x8 | 2.35 55.4
BI-1 8 18 153 | 3388 | 47 | 48 | 0.0310 | 0.0018 | 0.0037 | 0.0000 7.5 3.5x8 3.5x8 1.96 63.1
B1-2 8 18 153 | 3680 | 47 | 48 | 0.0310 | 0.0018 | 0.0037 | 0.0000 7.5 3.5x8 3.5x8 1.96 58.1
B1-3 8 18 153 | 3435 | 47 | 48 | 0.0310 | 0.0018 | 0.0037 | 0.0000 7.5 3.5x8 3.5x8 1.96 64.4
Bl1-4 8 18 153 | 3380 | 47 | 48 | 0.0310 | 0.0018 | 0.0037 | 0.0000 7.5 3.5x8 3.5x8 1.96 60.7
BI1-5 8 18 153 | 3570 | 47 | 48 | 0.0310 | 0.0018 | 0.0037 | 0.0000 7.5 3.5x8 3.5x8 1.96 54.7
B2-1 8 18 153 | 3370 | 47 | 48 | 0.0310 | 0.0018 | 0.0073 | 0.0000 3.8 3.5x8 3.5x8 1.96 68.1
B2-2 8 18 153 | 3820 | 47 | 48 | 0.0310 | 0.0018 | 0.0073 | 0.0000 3.8 3.5x8 3.5x8 1.96 72.8
B2-3 8 18 153 | 3615 | 47 | 48 | 0.0310 | 0.0018 | 0.0073 | 0.0000 3.8 3.5x8 3.5x8 1.96 75.7
B6-1 8 18 153 | 6110 | 47 | 48 | 0.0310 | 0.0018 | 0.0037 | 0.0000 7.5 3.5x8 3.5x8 1.96 85.7
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Table E.1. Evaluation Database (5 of 8)

Load Support
Beam b h d ', fy fyv , S Plate Plate a/d Viest
LD. in. | in. | in. | psi | ksi |ksi| P P Py Po i | Ixw Ixw |ratio| kip
in. in.

Clark (1951) continued...

Cl-1 8 18 153 | 3720 | 47 | 48 | 0.0207 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 62.8
C1-2 8 18 15.3 | 3820 | 47 | 48 | 0.0207 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 70.3
Cl1-3 8 18 153 | 3475 | 47 | 48 | 0.0207 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 55.7
Cl-4 8 18 153 | 4210 | 47 | 48 | 0.0207 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 64.7
C2-1 8 18 15.3 | 3430 | 47 | 48 | 0.0207 | 0.0018 | 0.0069 | 0.0000 | 4 3.5x8 3.5x8 1.57 65.6
C2-2 8 18 153 | 3625 | 47 | 48 | 0.0207 | 0.0018 | 0.0069 | 0.0000 | 4 3.5x8 3.5x8 1.57 68.1

C2-3 8 18 15.3 | 3500 | 47 | 48 | 0.0207 | 0.0018 | 0.0069 | 0.0000 | 4 3.5x8 3.5x8 1.57 73.2
C2-4 8 18 15.3 | 3910 | 47 | 48 | 0.0207 | 0.0018 | 0.0069 | 0.0000 | 4 3.5x8 3.5x8 1.57 65.2
C3-1 8 18 153 | 2040 | 47 | 48 | 0.0207 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 50.7
C3-2 8 18 15.3 | 2000 | 47 | 48 | 0.0207 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 454
C3-3 8 18 15.3 | 2020 | 47 | 48 | 0.0207 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 42.7
C4-1 8 18 153 | 3550 | 47 | 48 | 0.0310 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 69.9
C6-2 8 18 153 | 6560 | 47 | 48 | 0.0310 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 95.7
C6-3 8 18 153 | 6480 | 47 | 48 | 0.0310 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 98.2
C6-4 8 18 153 | 6900 | 47 | 48 | 0.0310 | 0.0018 | 0.0034 | 0.0000 | 8 3.5x8 3.5x8 1.57 96.7
DI-1 8 18 15.5 | 3800 | 49 | 48 | 0.0163 | 0.0018 | 0.0046 | 0.0000 | 6 3.5x8 3.5x8 1.16 68.1

DI1-2 8 18 155 | 3790 | 49 | 48 | 0.0163 | 0.0018 | 0.0046 | 0.0000 | 6 3.5x8 3.5x8 1.16 80.6
DI1-3 8 18 15.5 | 3560 | 49 | 48 | 0.0163 | 0.0018 | 0.0046 | 0.0000 | 6 3.5x8 3.5x8 1.16 58.1

D2-1 8 18 15.5 | 3480 | 49 | 48 | 0.0163 | 0.0018 | 0.0061 | 0.0000 | 4.5 3.5x8 3.5x8 1.16 65.6
D2-2 8 18 155 | 3755 | 49 | 48 | 0.0163 | 0.0018 | 0.0061 | 0.0000 | 4.5 3.5x8 3.5x8 1.16 70.6
D2-3 8 18 15.5 | 3595 | 49 | 48 | 0.0163 | 0.0018 | 0.0061 | 0.0000 | 4.5 3.5x8 3.5x8 1.16 75.6
D2-4 8 18 15.5 | 3550 | 49 | 48 | 0.0163 | 0.0018 | 0.0061 | 0.0000 | 4.5 3.5x8 3.5x8 1.16 75.7
D3-1 8 18 15.5 | 4090 | 49 | 48 | 0.0244 | 0.0018 | 0.0092 | 0.0000 | 3 3.5x8 3.5x8 1.16 89.2
D4-1 8 18 15.5 | 3350 | 49 | 48 | 0.0163 | 0.0018 | 0.0122 | 0.0000 | 2.3 3.5x8 3.5x8 1.16 70.6
Alcocer and Uribe (2008)

MR 13.8 47 433 | 5134 | 65 | 62 | 0.0158 | 0.0079 | 0.0053 | 0.0029 | 6 15.8x13.8 | 15.8x13.8 | 1.27 | 363.4
MT 13.8 47 433 | 5076 | 65 | 62 | 0.0158 | 0.0079 | 0.0053 | 0.029 6 15.8x13.8 | 15.8x13.8 | 1.27 | 363.4
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Table E.1

. Evaluation Database (6 of 8)

Load Support
Beam b h d ', fy | , S Plate Plate a/d Viest
LD. in. | in. | in. | psi | ksi | ksi | P P Py Pn in. Ixw Ixw | ratio| kip
in. in.

Tanimura and Sato (2005)

2A 11.8 | 17.7 | 15.8 | 3365 | 66 | 54 | 0.0214 | 0.0033 | 0.0021 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 0.50 | 184.9
3A 11.8 | 17.7 | 15.8 | 3365 | 66 | 56 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 0.50 | 187.6
4A 11.8 | 17.7 | 15.8 | 3365 | 66 | 53 | 0.0214 | 0.0033 | 0.0084 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 0.50 | 195.7
6A 11.8 | 17.7 | 15.8 | 4206 | 66 | 54 | 0.0214 | 0.0033 | 0.0021 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.00 | 164.7
7A 11.8 | 17.7 | 15.8 | 4206 | 66 | 56 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.00 | 169.0
8A 11.8 | 17.7 | 15.8 | 4206 | 66 | 53 | 0.0214 | 0.0033 | 0.0084 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.00 | 181.1
11A 11.8 | 17.7 | 15.8 | 3336 | 66 | 56 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 39x11.8 | 1.50 | 110.9
12A 11.8 | 17.7 | 15.8 | 3408 | 66 | 53 | 0.0214 | 0.0033 | 0.0084 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.50 | 128.6
14B 11.8 | 17.7 | 15.8 | 4641 66 | 54 | 0.0214 | 0.0000 | 0.0021 | 0.0000 | 3.9 | 3.9x11.8 | 3.9x11.8 | 1.00 | 169.2
15B 11.8 | 17.7 | 15.8 | 4641 66 | 56 | 0.0214 | 0.0000 | 0.0048 | 0.0000 | 3.9 | 3.9x11.8 | 3.9x11.8 | 1.00 | 174.4
16B 11.8 | 17.7 | 15.8 | 4641 66 | 53 | 0.0214 | 0.0000 | 0.0084 | 0.0000 | 3.9 | 3.9x11.8 | 3.9x11.8 | 1.00 | 191.3
17C 11.8 | 17.7 | 15.8 | 4540 | 66 | 54 | 0.0214 | 0.0033 | 0.0021 | 0.0000 | 3.9 | 39x11.8 | 39x11.8 | 1.00 | 128.5
18C 11.8 | 17.7 | 15.8 | 4569 | 66 | 56 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.00 | 174.2
19C 11.8 | 17.7 | 158 | 4612 | 66 | 53 | 0.0214 | 0.0033 | 0.0084 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.00 | 170.4
20D 11.8 | 17.7 | 15.8 | 3524 | 102 | 138 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.00 | 149.9
21D 11.8 | 17.7 | 15.8 | 3902 | 102 | 152 | 0.0214 | 0.0033 | 0.0084 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.00 | 149.0
22D 11.8 | 17.7 | 15.8 | 3800 | 102 | 138 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 39x11.8 | 1.50 | 121.2
23D 11.8 | 17.7 | 15.8 | 3814 | 102 | 152 | 0.0214 | 0.0033 | 0.0084 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.50 | 127.7
28A 11.8 | 17.7 | 158 | 3698 | 66 | 56 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 39x11.8 | 0.75 | 145.8
29A 11.8 | 17.7 | 15.8 | 3800 | 66 | 53 | 0.0214 | 0.0033 | 0.0084 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 0.75 | 150.0
30A 11.8 | 17.7 | 15.8 | 3829 | 66 | 56 | 0.0214 | 0.0033 | 0.0088 | 0.0000 | 5.9 | 39x11.8 | 3.9x11.8 | 0.75 | 157.9
31A 11.8 | 17.7 | 15.8 | 3858 | 102 | 56 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 2.00 94.1

32A 11.8 | 17.7 | 15.8 | 3974 | 102 | 53 | 0.0214 | 0.0033 | 0.0084 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 2.00 99.5
33A 11.8 | 17.7 | 15.8 | 3582 | 66 | 56 | 0.0214 | 0.0033 | 0.0095 | 0.0000 | 2.0 | 39x11.8 | 3.9x11.8 | 1.00 | 145.9
34A 11.8 | 17.7 | 15.8 | 3597 | 66 | 54 | 0.0214 | 0.0033 | 0.0095 | 0.0000 | 7.9 | 39x11.8 | 3.9x11.8 | 1.00 | 134.8
36E 11.8 | 17.7 | 15.8 | 3553 | 193 | 56 | 0.0042 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 39x11.8 | 0.50 | 121.5
37E 11.8 | 17.7 | 15.8 | 3742 | 193 | 53 | 0.0042 | 0.0033 | 0.0084 | 0.0000 | 3.9 | 39x11.8 | 39x11.8 | 0.50 | 124.8
39E 11.8 | 17.7 | 15.8 | 3684 | 193 | 56 | 0.0042 | 0.0033 | 0.0048 | 0.0000 | 3.9 | 39x11.8 | 3.9x11.8 | 1.00 | 106.1
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Table E.1. Evaluation Database (7 of 8)

Load Support

b h d ', f fyy , S Plate Plate a/d Viest

Beam I.D. | . 1 . in. psi | ksi | ksi | P P Py Pn in. Ixw Ixw | ratio | kip
in. in.

Tanimura and Sato (2005), continued...
40E 11.8 | 17.7 15.8 3756 | 193 | 53 | 0.0042 | 0.0033 | 0.0084 | 0.0000 | 3.9 3.9x11.8 3.9x11.8 1.00 | 106.1
41A 11.8 | 17.7 15.8 2988 | 109 | 56 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 3.9x11.8 39x11.8 | 2.50 | 73.5
42A 11.8 | 17.7 15.8 3104 | 109 | 53 | 0.0214 | 0.0033 | 0.0084 | 0.0000 | 3.9 3.9x11.8 39x11.8 | 2.50 | 85.2
46F 11.8 | 17.7 15.8 14141 | 109 | 139 | 0.0214 | 0.0033 | 0.0021 | 0.0000 | 3.9 3.9x11.8 3.9x11.8 1.00 | 279.8
47F 11.8 | 17.7 15.8 13967 | 109 | 138 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 3.9x11.8 3.9x11.8 1.00 | 292.7
48F 11.8 | 17.7 15.8 13706 | 109 | 139 | 0.0214 | 0.0033 | 0.0021 | 0.0000 | 3.9 3.9x11.8 3.9x11.8 1.50 | 210.0
49F 11.8 | 17.7 15.8 13663 | 109 | 138 | 0.0214 | 0.0033 | 0.0048 | 0.0000 | 3.9 3.9x11.8 3.9x11.8 1.50 | 220.8
L6 7.9 | 41.3 394 4525 | 147 | 56 0.002 0.004 | 0.0029 | 0.0000 | 9.8 5.9x7.9 5.9x7.9 1.00 | 150.7
L7 15.8 | 80.7 78.7 4424 | 147 | 54 | 0.0005 | 0.004 | 0.0029 | 0.0000 | 19.7 | 11.8x15.8 | 11.8x15.8 | 1.00 | 589.9
Matsuo, Lertsrisakulrat, Yanagawa, and Niwa (2002)
D604 59 |25.6 23.6 4960 | 146 | 48 | 0.0176 | 0.0006 | 0.0042 | 0.0000 | 3.9 5.9x5.9 5.9x5.9 1.00 | 132.1
D608 59 | 25.6 23.6 5120 | 146 | 48 | 0.0176 | 0.0006 | 0.0084 | 0.0000 | 2.0 5.9x5.9 5.9x5.9 1.00 | 149.5
Brown, Sankovich, Bayrak, and Jirsa (2006)
G 6 36 36 4300 0 73 | 0.0005 | 0.0000 | 0.0031 | 0.0031 6 12x6 12x6 0.00 | 264.5
L 6 36 36 5290 0 73 | 0.0005 | 0.0000 | 0.0000 | 0.0031 0 12x6 12x6 0.00 | 366.8
M 6 36 36 4300 0 73 | 0.0005 | 0.0000 | 0.0000 | 0.0031 0 12x6 12x6 0.00 | 283.2
N 6 36 36 4300 0 73 | 0.0005 | 0.0000 | 0.0000 | 0.0031 0 6x6 6x6 0.00 | 202.1
O 6 36 36 5500 0 73 | 0.0002 | 0.0000 | 0.0000 | 0.0027 0 12x6 12x6 0.00 | 352.4
P 6 36 36 5500 0 73 | 0.0005 | 0.0000 | 0.0000 | 0.0061 0 12x6 12x6 0.00 | 377.0
Q 6 36 36 4200 0 73 | 0.0000 | 0.0000 | 0.0000 | 0.0010 0 12x6 12x6 0.00 | 224.0
T 6 36 36 5290 0 73 | 0.0000 | 0.0000 | 0.0000 | 0.0046 0 12x6 12x6 0.00 | 343.1
U 6 36 36 4350 0 73 | 0.0000 | 0.0000 | 0.0000 | 0.0023 0 6x6 6x6 0.00 | 189.0
\Y 6 36 36 4350 0 73 | 0.0000 | 0.0000 | 0.0046 | 0.0015 4 12x6 12x6 0.00 | 259.7
A\ 6 36 36 4350 0 73 | 0.0005 | 0.0000 | 0.0000 | 0.0031 0 16x6 16x6 0.00 | 370.1
X 6 36 36 4350 0 73 | 0.0005 | 0.0000 | 0.0000 | 0.0031 0 12x6 12x6 0.00 | 246.7
Y 10 36 36 4350 0 73 | 0.0010 | 0.0000 | 0.0000 | 0.0037 0 12x4 12x4 0.00 | 299.5
V4 10 36 36 4350 0 73 | 0.0010 | 0.0000 | 0.0000 | 0.0037 0 12x4 12x4 0.00 | 303.8
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Table E.1. Evaluation Database (8 of 8)

Load Support

b h d ', f fyy , S Plate Plate a/d Viest

Beam L.D. in. | in. | in. | psi | kei | ksi | ™ P Py Pn in. Ix w Ixw | ratio | kip
in. in.

Walraven and Lehwalter (1994)
V411/4 9.8 | 31.5 | 299 | 3083 | 60 | 60 | 0.0107 | 0.0000 | 0.0017 | 0.0000 | 7.5 7.5%9.8 7.5%9.8 0.97 | 105.7
V022/3 9.8 158 | 142 | 3554 | 60 | 60 | 0.0113 | 0.0000 | 0.0035 | 0.0000 | 3.9 3.5x9.8 3.5x9.8 1.00 85.6
V511/3 9.8 | 23.6 | 22.1 | 3861 60 | 60 | 0.0112 | 0.0000 | 0.0033 | 0.0000 | 5.9 5.5x9.8 5.5x9.8 1.01 130.8
V411/3 9.8 | 31.5 | 299 | 3590 | 60 | 60 | 0.0107 | 0.0000 | 0.0033 | 0.0000 | 7.5 7.5%9.8 7.5%9.8 0.97 | 150.2
Zhang and Tan (2007)
1DB70bw 6.3 | 27.6 | 253 | 4104 | 76 | 54 | 0.0111 | 0.0010 | 0.0021 | 0.0000 | 5.9 4.1x6.3 4.1x6.3 1.10 96.2
1DB100bw 9.1 394 | 356 | 4162 | 75 66 | 0.0123 | 0.0007 | 0.0021 | 0.0000 | 5.9 5.9x9.1 5.9x9.1 1.10 | 174.9
Deschenes and Bayrak (2009)
VALID 21 42 36.1 | 5061 66 | 65 | 0.0310 | 0.0100 | 0.0030 | 0.0058 | 9.5 20x21 16x21 1.85 | 576.6
NR1 21 42 36.1 | 7250 | 66 | 65 | 0.0310 | 0.0100 | 0.0030 | 0.0058 | 9.5 20x21 16x21 1.85 | 560.8




APPENDIX F

Outline of Calculations used for STM Design Provisions

F.1 OVERVIEW
The overall capacity of all of the beams in the evaluation database was
estimated according to the following deep beam design provisions: ACI 318-08;
AASHTO LRFD (2008); fib (1999); ACI 318-99 Chapter 11; and the newly
proposed STM method (Chapter 6). The purpose of this Appendix is to present
the details for these calculations.

F.2 KNOWN STM TRUSS GEOMETRIES

|
sy i
L\ chg |
| N |
4 N ' d
| oL |
| ™~
i Weer /)
! ¥ /o 2w,
| | S—
Ry

a, |
1

Figure F-1. Truss model.
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(1)l al | - w, cos 6
‘ Bearing Face Strut-to-Node
777} ’ ] g Interface
Back Face ~~ f X ,
i ORI \ ahsne A D Ism o
" Strut-to-Node Back Face | = '
acos 8 Interface s : |
Bearing Face
CCC Node CCT Node
Figure F-2 CCC and CCT nodes.
Where,
1) a= portion of load that is resisted by near support.
2) 0= tan”’
3) w, = 2+(h-d)
4) Weee = ol sin + a- cosO
5) Weer = l;-sinf + w," cosO
(A-£-4 1)
6) a= ;
085f. b,
7) p, = p,cosO+ p , sinf
8) b= width of the load plate (CCC)
9) bs = width of the support plate (CCT)
F.3 EXPERIMENTAL STRESS AT EACH NODE FACE AND IN THE TIE

Stresses at each nodal face and in the tie are determined based on the

experimental measured capacity, V,,,, for each beam in the database.

test?

CCC NODE: Experimental Stress

10 Bearing Face; = test
) £ Joo a-l,b,
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F.4

F4.1

Veéln 0)

11)  Back Face; fo= /
l
V[CX[ )
12)  Strut-Node Interface; sin6 -
cce 1
CCT NODE: Experimental Stress
13)  Bearing Face; £, = Vs -
b Oy
Vzm/ )
14)  Back Face; fo= tan6 Hh—d)
V[CS[ )
15)  Strut-Node Interface; f, = sin6) .
CCT s

TIE: Experimental Stress

‘/test )
1) fu= | /m“%

ALLOWABLE CAPACITY OF EACH NODE FACE AND OF THE TIE
The capacity at each nodal face is determined according to the respective
STM design provision. Once the capacity of each part of a STM is estimated (i.e.
bearing face, back face, strut to node interface, and tie), the region that has the
highest ratio of experimental to calculated capacity is the region that determines
the overall STM design capacity.
ACI 318-08, Appendix A

CCC NODE: Design Strength

17)  Bearing Face; o= 08511 =085f
Experimental/Calculated = (10)/(17)

18)  Back Face; o= 08511 =085f
Experimental/Calculated = (11)/(18)
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0.85-0.75=0.64f." if p, =0.003

19)  Strut-Node Interface; f, ., = 085-0.60=051f' if p, <0.003
. . - . c l .

Experimental/Calculated = (12)/(19)
CCT NODE: Design Strength

20)  Bearing Face; fon= 0.85-:08f =0.68f’
Experimental/Calculated = (13)/(20)

21)  Back Face; fou= 0.85-:08f =0.68f’
Experimental/Calculated = (14)/(21)

0.85-0.75=0.64f." if p, =0.003

22)  Strut-Node Interface; f, ,, = 085-0.60=051F' if p, <0.003
. . - . c l .

Experimental/Calculated = (15)/(22)
TIE: Design Strength

23)  fise= 1.0f,
Experimental/Calculated = (16)/(23)

The maximum Experimental/Calculated ratio for each node face and tie

[i.e. the maximum presented in (17) through (23)] is used to determine the
Experimental/Calculated ratio for each beam in the database according to the ACI

318-08 design provisions.

F4.2 AASHTO LRFD (2008)
CCC NODE: Design Strength

24)  Bearing Face; S =085f
Experimental/Calculated = (10)/(24)

25)  Back Face; Sk =085f
Experimental/Calculated = (11)/(25)

26)  Strut-Node Interface; f, =085f’
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Experimental/Calculated = (12)/(26)

CCT NODE: Design Strength

27)

28)

29)

Bearing Face; Jow =0.75f
Experimental/Calculated = (13)/(27)

Back Face; fou= 0.75 f
Experimental/Calculated = (14)/(28)

Strut-Node Interface. Solve the following set of equations simultaneously:

— FS”’UT COS 6

©AE,

& =¢,+ (e, +0.002)cot’ 6

) £
0.8 +170¢,
f., =min;
0.85f'
[ ca-l-b
M if (24) controls
sinf
/7 b
Jua ab if (25) controls
cosf
Ju oo Weee by if (26) controls
-l b
Fo = M if (27) controls
sinf
2lh-d)-b
fou )b, if (28) controls
cosf
for Weer =b,if (29) controls
A .
Iy if (30) controls
cosf
S = Jeu

Experimental/Calculated = (15)/(29)
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TIE: Design Strength

300 fuse= 1.0f,
Experimental/Calculated = (16)/(30)

The maximum Experimental/Calculated ratio for each node face and tie

[i.e. the maximum presented in (24) through (30)] is used to determine the
Experimental/Calculated ratio for each beam in the database according to the

AASHTO LRFD (2007) design provisions.
F43 fib (1999)

CCC NODE: Design Strength

Triaxial Confinement Modification Factor, M

b

w

bl
31)  Meee= min
4

32)  Bearing Face; fw= 0.85(1 - f—c) Meee f
- 40ksi

Experimental/Calculated = (10)/(32)
33)  Back Face; fow= 0.85(1 - f—c) M - f
- 40ksi
Experimental/Calculated = (11)/(33)

34)  Strut-Node Interface; f, ., = 0.85(1 - f—c
- 40ksi

)' Meee !

Experimental/Calculated = (12)/(34)
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CCT NODE: Design Strength

Triaxial Confinement Modification Factor, M,

b,
b,

35)  M.e = min

4
36)  Bearing Face; fow= 0.7(1- fe Mo f
- 40ksi
Experimental/Calculated = (13)/(36)
37)  Back Face; fon= [Not Applicable]
38)  Strut-Node Interface; f, , = 0.7(1 __L ) M - f
- 40ksi

Experimental/Calculated = (15)/(38)
TIE: Design Strength

39)  fise= 1.0f,
Experimental/Calculated = (16)/(39)

The maximum Experimental/Calculated ratio for each node face and tie

[i.e. the maximum presented in (32) through (34) and (36) through (39)] is used to
determine the Experimental/Calculated ratio for each beam in the database

according to the fib (1999) design provisions.

F44 ACI318-99,§11.8

3.5—2.5(%d)

40) k= min
2.5
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F45

k(l 97,7 +2500- p, - (24/ )) b -d

41) V.= min
6+/f.' b, d
42) v b 1+% b 11_% d
) s pv w T +pvh w T fy
V.+V,
43) V,= min
10yf."b,d

Experimental/Calculated = V,,,,/(43)

Proposed STM Procedure
CCC NODE: Design Strength
Triaxial Confinement Modification Factor, M

A,
Al

44) Moo= min

Strut-to-Node Interface Efficiency Factor, v

45) V= 045<0.85- Je <0.65
20ksi

46)  Bearing Face; o= 0.85Mcccf,
Experimental/Calculated = (10)/(46)

47)  Back Face; o= 085 Mo f,
Experimental/Calculated = (11)/(47)

48)  Strut-Node Interface; f, . = VMo f.
Experimental/Calculated = (12)/(48)
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CCT NODE: Design Strength
Triaxial Confinement Modification Factor, M,

A,
Al

49) Mo = min

50)  Bearing Face; fon= 0.70-Mccrf.
Experimental/Calculated = (13)/(50)

51)  Back Face; fon= [Not Applicable]

52)  Strut-Node Interface; f, ,, = VMeerf,
Experimental/Calculated = (15)/(52)

TIE: Design Strength

53)  fise= 1.0f,
Experimental/Calculated = (16)/(53)

The maximum Experimental/Calculated ratio for each node face and tie

[i.e. the maximum presented in (46) through (48) and (50) through (53)] is used to
determine the Experimental/Calculated ratio for each beam in the database

according to the Proposed design provisions.
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